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A rot ational viscometer was designed , fabricated and used to
investi gate the rheolog ical properties of a weak grout. The
grout samples , when tested in the rotary viscometer , sh oi~ a
qualitative b ehavior which is independent of cure time , shaft
speed or h y d r o s t a t i c  p r e s s u r e  and a q u a n t i t a t i v e  b e h a v i o r  w h i c h
is p redom inant ly influenced by strain rate. The annular

J samples , failing in s h e a r  adjacent to the viscometer shaft , ~~,
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2 0 . A B S T R A C T  ( f o n t  i n u i d )

e x h i b i t  f i r s t  a c h e m i c a l  bond  f a i l u r e  t o g e t h e r  w i t h  a s t a t i c
f r i c t  ion  res i s t a n e t -  t o  m ot  i on  and , second , a s u b s e q u e n t  r e l a x a -
t i o n  of t h e  f r i c t i o n  r e s i s t a n c e  to a l o w e r  d y n a m i c  v a l u e ..~ i b i s
d y n a m i c  r e s i s t a n c e  i s  i n d e p e n d e n t  of  s t r a i n  r a t e  a n d  h y d r o ~~t a t i c
p r e s s u r e ;  t h e  va lue  of t h e  d y n a m i c  s h e a r  s t r e s s  a t  t h e  s h a f t
is  9. x io~ d v n e s / c r n~~. The bond s t r e n g t h  p l u s  s t a t i c  f r i c f i o n
is d e p e n d e n t  upon t h e  st ra i n  r a t e  b u t  a p p a r e n t l y  i n d e p e n d e n t
o f h y d r o s t a t i c  p r e s s u r e .  1:0 1- t h e  ca se  of l ow  s t r a i n  rat e s
( o l . 5 r e v / s e c ) ,  t h i s  bond s t r e n g t h  p l u s  s t a t i c  f r i c t i o n  ~~~ d u ces
a s h e a r  s t r e s s  at  the  s h a f t  e q u a l  to 2 . 7  x 106 dyn c s/ c m 2 . The
o b s e r v e d  b e h a v i o r  of t h e  grout suggests that i t  can he charac-
t e r i : e d  as a p l a s t i c  m a t e r i a l  w h e r e i n  t he  r e s i s t a n c e  to deforma-
tion is dominated by “‘

~ ry  friction lv . There is no evidence of
viscous behavior.

I
UN C L A S S I I : I E D  

-
F l  F R I  F S I I # 5 1  FI C A l ION OF T I l l S  PA G f ( I 4 h .~,, !‘.., ~. F

- -

- 
.
~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -



T A D L E  01: CONTENTS

Page

1 . IN  I RO DI JC T I  ON  3

1.1 R E V L E i I~ OF [X I S T I N C  DATA  3

1. 2 R OTARY V I S C O M L T E R , C L N P R A L THEORY   9

1. 3 O U T L I N E  OF TI lE PRESENT REPORT . .   11

I I .  D E S I G N  OF TIlE ROTARY V I SCOM E TER 13

2 . 1  GL N E RAL CONSIDERAT I ON OF D E S I G N
________ _____ R E L A T I V E  TO TEST E N V I R O N M E N T  . . . . 13
ACCES~ CH ~ r 

—~~~~~~~~~

NTtS e ‘ 
~~on ~ 2.1.1 Confining Pressure and

onc .o~~ o Strain Ra te 13
1’ -, o

JUSIHC ~ 2.1.2 Annular Thickness of the
Sample 14

-— 2 .1.3 Material Behavior 14
• ~STR l I~~UY 0’ 1

O~ ’ ~~~~ 111 1 1  SPLCIA L 2 . 1 .4  D u r a t i o n  of Test  15

2 . 1 . 5  S i z e  of Tes t  Samp le . . .  15

_________________  
2.1.6 !)rive Mechanism HI

2 . 2  S P E C I A L  CONSIDERATIONS OP TU E
D E S I G N  17

2.2.1 Test Cell 17

2 . 2 . 2  Sampl e Pour and Cur e
Fixture 21

2.2.3 Fl ywheel and Magne tic
Clutch 24

2.2.4 Pressure System 21

II !. EXPERIMENTAL PROCEDURI:S

3.1 SAMPLE PREPARAT ION

3. 2 INSTRUMENTA l ION 30

1~ _ _ _ _

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~-‘~~~~~~~‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
— ‘• 

“~~~~~~~~~ 
— - —--“ • -~~~ —



TABLE OF CONTENTS (Cont.) Page

3.2.1 Angular Disp lacemen t . . .  31)

3.2 .2 Clutch Power Supp ly     30

3.2.3 Load Cell Calibration    32

3 .3  TEST SEQUENCE 31

I V .  D I S C U S S I O N  JF TEST RESULTS 37

4 .1 Q U A L I T A T I V E  N ATURE OF TI lE TEST
RESu LTS 37

4 . 2  I N F L U E N C E  OF CURE T I M E

4 . 3  I N F L U E N C E  OF TOTAL SHAFT
D I S P L A C E M E N T

4 . 4  I N F L U E N C E  OF VISCOM ETIi R R E S i S T A N C E
ON ROTATION 5 1

4 . 5  D Y N A M I C  R E S I S T A N C E  OP G R O U T :
PRESSURE AND S T R A I N  RATE E F F E C T S  . . 53

4 . 6  STATIC RESISTANCE 01: GROUT :
PRESSURE AND STRAIN RATE EFFECTS . . h i

4 . 7  R E C O N S T I T U T I O N  OF GROUT SAMI ’L L
UN I ) l . R  PRESSU RI :  70

V.  SUMMARY AND CONCLUS I ONS

V I . RE) 1 RLNCLS 7 3

A P P E N D I X  A Parts List and Eng ineering
D r a w i n g s  75

2 

_

_•_ •

~ 

~~~~~~~~~ ~•



L INTROD UCTION

An important aspect of the stemming and containment

procedures for underg.round nuclear tests is the use of grou t

m a ter ia ls whose deformation , flow and eventual set-up con-

tributes to the closure of the horizontal line-of-si ght tunnels.
Th e development of quantitative design procedures for the

stemming configuration requires an understanding of the pro-

per t ies of grout in the stress and strain rate environment

occurring in nuclear tests. The experimental program dis-

cussed in this report represen ts an at temp t to define these
material properties for a single grout, des i gnated superlean or

HSSL-1. In this program , a rotary v iscometer  was desi gned ,

built and used to study s amples of grou t for a range of strain

ra tes up to 50 sec~~ and pressures up to 10~ dynes/cm 2.

The cho ice of a rotary viscometer to examine the grout

was based upon the need to have a test environment in which

plastic , viscoplast ic and viscous material behavior could he

qualitativel y isolated and wherein material propert ies could
he quan titativel y defined. Of part icular interest  to the
form ulation of the present program was the alread y e x i s t i n g
dat a on grout 11 ’2’ and cemen t and cei~iient mortar~

3 7 1 . In the

following pa - agraphs we summarize this data and discuss the

nature of the rotary viscometric test.

1.1 REVIEW OF EXISTING DATA

There is a l ack of definitiv e information about the flow

proper ties of both rock—matching and superlean grout. However ,

the re exists some data on b o t h  the hy drosta tic behavior and the

y ield strength of these materials. These data , which were oh-
tam ed by the Concrete Division of the U. S. Army Water~ ays



Experi men t S tat ion and by Ter ra Tek , Incorpora ted~~~~, provide
so me i n s i gh t into the mechanical behavior of the grout at very

low st rain rates. Three other rather diverse sources of in-

formation on grout behavior are the qualitative observations of

grout flow (luring nuclear testing, the labora tory scale models

of line-of-sigh t tunnel c1osure~
2’ and the quan tita t i ve  st udies

of slo w creep in cement and cement mortar~
3 7 1 . Fhe lat ter

exper im en ts , while applicable to both a different mix of Ce-

men t , sand and water and to a different flow environment from

tha t of the grout used in the nuclear tes t s , do , ho wever , pro-

vide some insight in to the deformation of solid mortar mixes.

.\ rep resen tat ive “superlean grou t” used in the stemmin g

of und erground nuclear tests is designated HSSL-1 . This grout

has the fol lowing composit ion per cubic f oot 18
~~: 3.48 lb. ce-

men t , 2.48 lb. hentonite gel , 79.55 lb. sand (NTS desert fines),

0.04 lb. polymer friction reducer , 24.10 lb. water. The fric-

tion reducer is added to lower the viscosity of the slurry dur-

i ng  grou t emp lacement. Wh ile it apparently does not have a

significan t effect on the properties of cured grout , it may

have an influence on the behav ior of the grout during high

strain rates.

A typ ical pressure -volume curve for !ISSL- 1 grout is

shown in Fi gure i .i E h j  It is clear t hat  the grout in this

test exhibits the properties of a compressible and somewhat

porous material . This porous behavior , with a crushup P~-
sure of the order of 108 dynes / c m , is an indication of

entrapped air in the grout specimens. Thu volume of the air-

filled voids is approxi mately 3 perc ent. Ir i ax ia l tests of

the IISSL-1 grout in the range of confining l)r1~ssures to

4 ~ lO~ dynes/cm 2 have shown that the maxim i ’m stress differ-

ential which the grout specimen can sustain is less than

2 x ~~~ dynes/cm 2. ~~~~~~~~

In addition to this type of hydrostatic and y i eld
streng th data in the low strain rate reg ime , there exist some
qualitative data on the behavior of superlean grout in the 

- ~~~~~~~~~~~~~~~~~~~~ I- • . • .
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in- situ environment of the nuclear tests. Post-shot examina-

tion of the grout flow in the vicinity of the line-of-sight

(LOS) pipe shows that the grout flows for substantial dis-

tances up the open LOS. In the case of the Diamond Sculls

even t it was found during reentry mining that the grout had

ex truded through the LOS and come to rest about 120 m from the

working point. This is well outside of the range to which

shock collapse of the stemming region was an t icipated . Some

labora tory scale models of tunnel closure have been investi-

ga ted~~~’. In these tests a pressure pulse , generated by an

explosive mix ture of PETN and a low density inert powder , was
applied to the outer surface of grout cy linders enclosing a
central steel tube. The rise t ime , peak pressure and dura tion

of the pressure pulse were controlled to simulate the charac-

teris tics of the ground shock produced by a nuclear explosion

in the vicinity of the LOS. The collapse or deforma tion of

the inner steel tube was reported for several of the experi-

ments. The grout spec imens , which were cast of Diamond Sculls

rock matching grout , were examined subsequent to the tests.

In several cases it was apparent that the grout had flowed

during the deformation of the steel tube.

Both the post-shot examination of the deformation of

grout in the LOS and the laboratory models of the LOS closure

suggest that the grout flows when subjected to stress. Until

the present investi gation there were no data which indicated

whether this flow is plastic or viscous in nature. However ,

there is a considerable amount of data on the low strain

rate deformation of cement * and cement mortar 13 71 . These

data indicate that both cement and cement mortar exhibit creep

behavior at small strain rates. When the cement mortar is

cured for a sufficient length of time it appears to have a

*We use the term cement to denote the solid artificial stone
which occurs subsequent to the setting of cement-water paste.
Similarly, cement mortar is the set mixture of cement , sand
and water. 
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defini te yield strength. Typ ical experim ents on cement and cement

mor tar are discussed in Reference 3. Beams of cement and cemen t
m o r t a r  (1 :3 )  were  s u b j e c t e d  to b e n d i n g  u n d e r  their own weig ht.

The def lec t ions of these beams i n differ ent s tates of curing
and d rying were measured for a t i m e  s ca l e  of hundreds of days .

In p j 1~~~~ 1. 2 we present some of these data from Reference 3

show ing the def lec t ion tim e h i s to rv of seve ral bea m s.  The de-

f l e c t i o n  in  t h i s  f i gu re  i s  t h e  d i f f e r e n c e  b e t w e e n  t h e  c u r r e n t
d e f l e c t i o n  and t he  i n i t i a l  d e f l e c t i o n  of t he  beam w h e n  t h e
t e s t  s t a r t s .  The absc i ssa at wh i c h  the d e f l e c t io n of the bea m
beg ins  i n d i c a t e s  t he  n u m b e r  of  days  a f t e r  t he  c u r i n g  p r o c e s s
t h a t  t h e  beam was  p e r m i t t e d  to d ry  p r i o r  to t h e  t e s t .  The
n a t u r e  of t h e  beam ( w h e t h e r  i t  is c e m e n t  or c e m e n t  m o r t a r )  i s
i n d i c a t e d  on t h e  c u r v e s  t o g e t h e r  with t he  n u m b e r  of  days , in
p a r e n t h e s i s , f o r  w h i c h  t h e  beam w a s  c u r e d .  in  a l l  of t h e
c u r v e s  t h e  beam i n i t i a l l y  e x p e r i e n c e s  a r a t h e r  rap id r a t e  of
def lec t ion wh ich af ter some t im e becomes cons tant . Th is con-
s tan t ra te is indica ted by the linear segments of the deflec-

tion-time curves. It is likel y t h a t t h e  i n i tia l f l o w  of  t he
b ea ms is ve ry rapid , pr imaril y beca u se the pr ocess  of ch emi cal
h a r d e n i n g  is not  c o m p l e t e  at  t h o s e  t i m e s .  The e x t e n t  of  chemi-
c al harden i ng i s direc t ly propo rt i onal to bo th the l e n g t h  of
the curing process and to the length of the dry ing pr ocess.

The influence of the length of cure is evident in a comparison

of the two mortar beams (10) and (14) w h i l e  the effect of a

p r o l o n g e d  p e r i o d  of d r y i n g  i s  shown in t h e  r e l a t i v e  b e h a v i o r
of m o r t a r  beams  (5 )  and ( 4 ) .  The l i n e a r  n a t u r e  of t h e  de f l ec -
t i o n  t i m e  h i s t o r y  i s  e v i d e n c e  of a v i s c o u s  b e h a v i o r  in t he
m o r t a r  b e a m s .  A s i m i l a r  c o n c l u s i o n  is p o s s i b l e  f o r  t h e  t w o
cement  beams ( 6 )  and ( 8 4 ) .  The v i s c o s i t y  of t he  m a t e r i a l  is
inversely proporti onal to the asymptotic slope of the deflec-

tion-time curve . It is clear that the viscosit y of the cement

mortar is considerabl y lar ger t h a n  t h a t  of the cement. T h i s
is i n t u i t i v e l y r e a s o n a b l e  s i n c e  the  p r e s e n c e  of  t he  sand shou l d

increase the viscosity 1)0th because of granular interlocking

7
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and  t h e  ‘ f l u i d — s o t  i d’’ i n t e r a c t i o n  w i t h  t h e  c e m e n t .  In
add i t  i o n  t o  t h e  t e s t  s show n i n  t h i s  f i  go N’ I t was f o u n d  that a
m o r t a r  beam cured f o r  87 days would no t  f l o w  u n d e r  i t s  own
w e i g h t , and  consequent I i t  ma y be c o n c l u d e d  that a y i e l d
st ren~ h ox  i s t s wh i ch I s d e p en d e n t  upon  t h e  d ay s  of  c u r e  . I t
i s  i m p o r t ; l r F t  to  r e c o gn i : e  t h a t  b o t h  t h e  m o r t a r  used  in t h e s e
t~-st -s and the h o w  environment a re  c o n s i d e r a b l y  d i f f e r e n t  f r o m
r e s p e c t  i v e l v  t h e  g r o u t  !I S N L -  1 and the strain rates of interest

i n t h e  l O S  p i f l e  . I n d e e d , in  t h e  c o n t e x t  of  t h e  t i m e  s c a l e ,
s t r e s s  l e v e l  and  s t r : i  i n  r a t e s  a s s oc i a t e d  w i t h  t h e  f l o i ~ o f  g r o u t
in  the  n u c l e a r  e v e n t , t h e s e  c e m e n t  and  c e m e n t  m o r t a r  s p e c i m e n s
are  e s s e n t i a l l y  b e h a v i n g  l i k e  r i g i d  m a t e r i a l s.  h o w e v e r , i t  i s
of  l o t  ( -r e s t  to -o. . t e  t h e  e v i d e n c e  f o r  b o t h  t h e  v i s c o u s  m a t e r i a l
r e s p o n s e  and  t he  l i k e l i h o o d  of a c u r e -d e p e n d e n t  y i e l d  s t r e n g t h
e x h i b i t e d  by t h e  t e s t  S p e c i m e n s . I t  was e x p e c t e d  t h a t  speci-
m en s  of s u p e r l e an  g r o u t  w o u l d  behave  q u a l i t a t i v e ly  l i k e  t h e
m o r t a r  in a low s t r a i n  r a t e  e n v i r o n m e n t .  N a m e l y , t h e  g r o u t
w o u l d  e x h i b i t  ( - i s c o p l a s t i c  behavior which is i n f l u e n c e d  by t h e
l e n g t h  of t h e  c u r i n g  and d r y i n g  p r o c e s s e s.  T h i s  e x p e c t a t i o n
was  :i s t r o n g  m o t i v a t i o n  in the  cho i ce  of  t he  v i s c o m e t r i c  t e s t
p r o g r a m  d i s c u s s e d  in  t h i s  r e p o r t .

2 ROTARY V I S C O M E T E R , G E N E R A L  THEORY

I n  t h e  r o t a r y  v i  s c om e t er  t h e  s a m p le of  g r o u t  is  c a s t  in
a long nar ro~ a n n u l u s  b e t w e e n  c o n c e n t r i c  c v i  i n d e r s  as shown
s c h e m a t i c a l l y  i n  F i g u r e  1.3. The o u t e r  c y l i n d e r  i s  h e l d  f i x e d
w i t h  an app ! ied  t o r q u e  and t h e  i n n e r  cy l i n d e r  i s  c a u s e d  to
r o t a t e  at a f i x e d  a n g u l a r  v e l o c i t y ;  t he  s t r a i n  r a t e  in the
grout is directly proportio nal to the velocity of the shaft

and i n v e r s e l y  p r o p o r t i o n a l  to t he  a n n u l us  t h i c k n e s s .  The
relationshi p between the torque and t he  a n g u l a r  v e l oc i t y  for

t 

a range of angular velocities can he used to eva luate para-

meters in any pioposed model for the grout . For example , let
us assume that the grout behaves like a Bing ham material 16 ’9’

- 
~~

- so that the relationship between the torque T which holds the
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outer c y l i n d e r  fixed and the angular velocity l~ of the inner

cylinder is~

= - k 2 r h )  + k~ n ~~~~~~~~~ 
(1.1)

w h e r e  k is the  y i e ld  s t r e n g t h  of t h e  m a t e r i a l  and p is  t h e
c o e f f i c i e n t  of v i s c o s i t y .  In  t h i s  r e l a t io n s h i p it is assumed

th at the grout flows in an azimuthal direction with neither

radial nor axial flow . The y ield strength k determines the

i n t e r s e c t i o n  of t h e  T-~ cu rve  w i t h  t he  T a x i s , w h i l e  t h e  S l o p e
of t h i s  c u r v e  is d e t e r m i n e d  by t h e  v i s c o s i t y  c o e f f i c i e n t  p .

thenc e an experimehtally obtained curc’~ of this type w o u l d  pro-

v i de infor mation for determining these two parame ters in the
B i n g ha m m o d e l .  I n  a d d i t i o n , and p e r h a p s  of g r e a t e s t  i m p o r t a n c e ,
t h i s  type of t e s t  can he used to d i s t i n g u i s h  b e t w e e n  d i f f e r -
e n t  m a t e r i a l  b e h a v i o r s .  For e x a m p l e , t h e  v i s c o m e t r i c  t e s t  - aj i le

t e r m i n e  i f  t h e  grout b e h a v e s  as a N e w t o n i a n  f l u i d  (k  = 0), a

perfectl y plas tic material (p = 0) , or some other more com-

p l i c a t ed r h e o l o g icai material.

We also wish to inves t iga te the influence of hydr os tatic
pressure upon the behavior of the grout. To this end , we im-

pose a pressure P on the top and bottom surfaces of the annu-

lar section of soil in Figure 1.3. This pressure is maintained

during the course of the test on the sample . The present

apparatus is designed to accommodat —~ confining pressures greater

than ~~~ dyne/cm
2.

1 . 3 OIJTLI NE OF THE 1— R E S E N T  RE PORT

I n  t h e  f o l l o w i n g  p a r a g r a p hs we d i s c u s s  t h e  d e t a i l s  of
the V i scome t i C test p r  ~~ r i o  . t h e  des i gn o I t l ie  r o t  a r v

~~~~~~~~ 1 is 2 klq h a d t h e  t r a r i - ~ i t i o n  to  r i g id  f l o i ~ o c c u r s
at some r a d i u -  l e s s  t h a n  t h ~ - o u t e r  r a d i u - ~ o f  t h e  samp l e .

I t

—
- — - 

. 

—— — -~~~~~~ ~ - ~~~~~~~ S



V i s c o m e t e r  i s  p t c s e i i t e d  in S e c t i o n  I I ;  t h i s  d e s i g n  was
based  upon e x i s t i n g  d a t a  f o r  s u p e r l e a n  g r o u t , and in
some r e s p e c t s  t he  s u b s e q u e n t  e x p e r i m e n t s  showed t h a t  the
v i s c o m e t e r  was  o v e r d e s i gnecl . For e x a m p l e  t he  t r i a x i al  da ta
on t h i s  g r o u t  i n d i c a t e  a m a x i m u m  shear  s t r e s s  w h i c h  is on the
o r d e r  of  1 1 0  dy n e s/ c m , we w i l l  f i n d  t h a t  t he  s i g n i f i c a n t
shear stress for the grout in these tests is a dynamic

- • . . - 6 2f r i c t i o n  s t r e s s  wh ich  is a p p r ox i m a t e l y  0 . 9 x 10  dynes/ cm
The mos t  s e r ious  d i f f i c u l t y  t h a t  t h is  p roduces  is tha t  the
resistance of the viscometer itself becomes a more dominant
signal in the measurements. The test procedures are discussed
in  S e c t i o n  I I I .  These p rocedures  involve the preparation of
t h e  g r o u t  s amples  ( m ix i n g ,  p o u r i n g  and c u r i n g ) ,  t he  c o n t r o l  of
the viscometric test environment and- the measurement of the

dynamic response of the grout.

The experimental results are examined in Section IV

and our conclusions together with a suggested material model

are presented in Section V. The grout samp les all exhibited

t he  same qualitative behavior , they failed in shear in a grout

layer adjacent to the visc orneter shaft and did not appear to be

significantly deformed away from this shaft. When the shaft is

rotat ed the grout resistance rap idl y increases to a maximum value
and then relaxes to a lesser asymptotic level. We desi gnate

the initial maximum resist -rice, which is accompanied by
little relative motion between the grout and the shaft , the
static resistanc e of the grout . The lower asymptotic resistance

is the dynamic resistance. This dynamic resistance is
independent of strain rate and hydrostatic pressure ; the

c- value of the dynamic shear stress at the shaft is 0.9x106

dynes/cm 2 . In contrast , the static resistance is dependent
upon the strain rate but apparentl y independent of the hydro-
static pressure. We find that the static resistance is consistent
with measurements of shear strength from triaxial tests of the
same grout. The observed behavior of the grout suggests that

it can be categorized as a plastic material wherein the resis-

tance to deformation is dominated by “dry friction ”. There is

nt evidence of viscous behavior.

12



II , DES I GN OF THE ROTARY VISCOMETER

-\ r o t a r y  v i s c o m e t e r  was desi gned and f a b r i c a t e d  to t e s t
samp l e s  of g r o u t  in the rotational shear environment discu sed

in 8ecti on 1. 2 . -\s we have noted , the material in q u e s t i o n ,
11881. -I , is a lo~

. strength grout used in various stemming appli-

cations at the Nevada Test Site , wher e f ie ld observa t ions h a v e
indicated si gnificant d isp lac ement of this grout during nuclear

tests. No dynamic strength and viscous property measurements

have been pre v io us1~’ made to characterize the material in the

s tr ain ra te and s t ress env i ronment peculia r to thes e nucle a r
tes ts.  Based upon numerica l  calcul at ion s of the ground mo t ion
in the vicinity of the line of si ght p ipe , it is expected tha t
the grout experiences pressures on the order of l0~ dyne/ c m 2

and s tra in ra tes on the order of 100 sec~~~. The ro tary
vi scome te r was desi gned to provide a tes t environmen t which
included such pressures and s t rain ra tes. That environment

tog et her w ith the na ture of the grout and its s treng th
charac teristics based on triaxial tests were vital design

parame ters for the rotary viscometer.

2 .1 GENERA L CONSIDE RAT ION OF DESIGN RELAT I VE TO
TEST ENVIRONM ENT 

-

2 . 1 . 1  Confining Pressure and Strain Rate

A samp le conf ining pressure of 10~ dyne/cm 2 (ml4 ,500

ps i) was selected as representative for many fie ld appli-
ca tions of this grout. A pressure of this magnitide

required minimizing the test cell consistent with sample

size requirements. These latter requirements are closely re-

latc h to the need to  have an annulus dimension which is “much
la rger 1’ than the ty ;- i c at particle size in the grout. To keep



the test cell volum e to a m in im um , ext e r n a l  m e a s u r e m ent of
the torque acting on the sample was decided upon. Nitrogen

gas was selec ted to be the pressurization fluid in order

to minimize contamination of the sample and test cell.

Str a i n  r a t e s  to 100 sec~~ were  de term ined ade quate for
the test program . This level of strain rate , together ~ ith

the expec ted s ample  s t r e n g th is of g r e a t  s i gnificance in the

selec t ion of the sa mple inner and oute r radii , sample le ng th
and dura tion of the rotational test.

2 . 1 . 2  Annular Thickness of the Sa mple

The annular thicknes s of the samp le shculd he much
larger than the individual par ticles in the grout. The grout

mixture , for which this apparatus was desi gned, i s d iscussed in
the nex t section (Section III). The size dis tribution of the

desert fines sand used in the grout is given in Fi gure 3.1 of

tha t section . No particles are over 3.5 mm across , about 9 5%
by wei ght are under 2.5 mm and about 70% by wei ght are smaller
than 1.0 mm . From this data an annular thickness of 10 mm was

selected , which was also deemed adequate to pour and tamp the

wet mix into place .

2.1.3 Material Behavior

The triaxial tests~~
1 indicated that the shear strength

of this material could be 2 x l0~ dynes/cm 2 (\‘300 psi).
Therefore the torque capacity of the apparatus was definable

once the geometric proportions of the sample were established.

14
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..1 .-i 1)urat ion  of  Test

The d u r a t i o n  of t h e  t e s t , t h a t  is , the actual period

over w h i c h  the samp le experience s shea r deform ati on , had to be
l i m i t e d  t~ p reven t overhea ti ng of the samp le material. An

. iV c r ; t ~~e t e m p e r a t u r e  r i s e  of 40°C in the grout was considered

a l i m i t  to p r e v e n t  vapori zation of excess moisture and to

m i n i m i : e  a ny  temperature-induced change in grout strength.

2 . 1 . 5  S i z e  of  T e s t  Samp l e

I h e  samp le s i z e  was influenced by the test environment

described in Section 2.1.1 throug h 2. 1 .4 abov e.

W i t  h t lie s a m p l e  a n n u l a r  th i cknes s of 10 mm , the s ample
geo~- e t r ;  ~as cho~ en ~ it h con s i d e r a t i o n  of the r a t i o  of in s id e

to outs ide r ad  i i , and the p ract ical s h a f t  diam eters . ~\ sp 1 i nc
couplin g of the shaft to the main drive was s e l e c t e d  to i n s u r e
maximum shaft strength. In addition , such a choice fac ili-

tated assembly and  disassembly procedures , and sa tis fied seal
and bear ing desi gn requireme nt s .

Ihe sh aft diameter was selected to accommodate a stand-

ard spline size i..ithin the constraints of standard ball bear-

ings and ultra-high pressure seals , and be compa ti ble w it h the
r equ i red propor tions of the sample. Considering the ratio of

the inside to outside sample radii to he greate r than 0.5 and

the above cons traints , a s amp l e inside diameter of 1.12 in.

12 .85 cm) w a s  established; and thus the sample outer diameter

~~ ; m s  l .~)l in. (4.85 cm) .

Ih e weakest sect ion of the shaft is a t  the root of the

d r i v e  co up ling sp line. t he  tor que t ran smi tt ed throug h the
shaf t is directl y proportional to the length of the test

samp le. W i  t hi a steel shaft the sample could have a length of

10 cm without over stressin g the shaft. This g ives a 10:1

leng th t o  thickness ratio , which should limit the influence of

15



end effects on tim e sa::-i~~le b ehi av i o r  whil e u n d e r  t e s t , and also

co m p letes t h e  de finition of t ime samp le size li m i t s :

~Ia x i mum 1 eng th = 10 ) mm (3 . 9 1 i n.j
I n s i d e  H i m e t e r  = 28 .5 mm (1.1.2 in.)
~ats ide Diwneter = 48.5 mm (1.01 ilL)

he test samp le m akes intimate contact with the shaft at its

in side surface. On t h e  outsid e surface the sample is bounded

by a sleeve . The interfaces betseen the grout and these

c o m p o n e n t s  are formed by k n u r l e d  su r  l a c e s  on the shaf t and
in the sleeve . The pitch of the knurl is 1.25 mm which

p e r I~I i ts approxi m atel y 5% of the grout particles to ‘lock ”

bet~ een the metal rid ges to p r e v e n t  s h e a r  f r o m  t a k i n g  p l a c e
b e t w e e n dissimil a r m aterials

2 .1.6 b rive Mechanism

I hi e requirement for a hig h torque for a shor t te s t
period indica ted the need for a stored energy system which

cou ld be e le ct ron ical ly con tr olled to prod uc e the des i red
rates of load app lica tion and release without exciting appa-

ratus vibr ations of detrimental levels. The energy storage

sy stem selected was a 127 cm (50 inch) diameter fl ywheel which
wei ghed 627 kg (1380 lbs). The flywheel is 1:1 coup led to the
sa mp le shaft tiiroug h a magne t ic clutch. The flywhe el iner t ia
was selected such that under maxim um design load conditions it

would be slowed less than 10% during a typ ical t e s t .  For a
shear rate of 100 sec~~ the flywheel speed is approximatel y 11
rp s .

The drive system was desi gned w ith a safety link , namel y,
the shaft in contact with the grout. Should a samp le with

s t reng th grea ter than t he  capacity of the apparatus be tested ,

the shaft would twist off at the root of the spline , thus
un loading and protec ting the drive system of the apparatus.

Only the samp le would be los t .

16
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~ h ’ I ( I \ L  ( : O N s J O E R A T I ) .\S OF T il l  D E S I G N

Th e  rot a r v  v i s c o m e t e r  , des i gimi d to s a t i s  fv the g e n e r a l
cons ider :it i mm ~ disc u~-sed above is shown in time t~i m i e r a 1  l a y o u t
a t  Figure 2 .1. The overall dimensions are appro ximatel y 150 cm

(5 It) x 150 cm (5 ft) by 90 cm (3 ft) hi gh exclus i ve of t he
d r i v e  m o t o r  asse mbly.  F i gu r e  2 . 2  is a p ho tog rap h of the
a l - 1-J r ;it u s . For safety reasons t h e  apparatus is set up in a
t e .~t bay  i i e ar  B u n k e r  B at  the  G r e e n  l: a r m  t e s t  s i t e  o p e r a t e d
by S 3 f o r  IJ .\ -\ . Because  of the  l a r g e  a m o u n t s  of s t o r e d  e n e r g y
in t h e  r o t a t i n g  f l y ~.h e e l  and high p r e s s u r e  c o n f i n i n g  gas ,
operation is done r e m o t e l y  w i t h  d i a g n o s t i c  and t e s t  d a t a
r e c o r d e d  i n s i d e  B u n k e r  B . -\ co mplete parts list and p r i n t s
of t he eng inee r ing dr aw i n g s  a re  g iven in Appendix -\ to  t h i s
report.

2 .2 .1 lest (‘el i

The test cell of the app aratus consists of a thick ex-

t e r n a l  h o u s i n g  capped  on 1)0th ends h~- h e a v y  f l a n g e s .  Li g u r e
.2 . 3  i s  a sectional v i e w  of t h e  t e s t  s e c t i o n  w i t h  a grout sample

in p l a ce .  The  end f l a n g e s  house  b a l l  b e a r i n g s  w h i c h  a l i gn and
a l l o w  t h e  s h a f t  to  r o t a t e .  I h e  a s s e m b l y , h e l d  t o g e t h e r  b y t i e
b o l t s , i s  m o u n t e d  on a l a r g e  b a l l  b e a r i n g  to isolate it from

the visco m eter stand. The o n l y  t r a n s m i s s i o n  of  t o r q u e  to t he
stand occurs through a pair of torque arms (shown in Fi gure .2.1)

which are a n c h o r e d  to the stand b y load cel l s .

B a l i b e a r i n g s  are used to control the radial posi ti on of
the samp le sha ft relat i vi’ to time housing. These ballbearings

a re double sealed to minimize the possibilit y of contamination

with dirt and moisture . Ihe large hailbearing w h i c h  h o l d s  t h e
te st cell relative to the stand was not available with seals ,

therefore oiled felt rings are placed on each face to preclude

dirt.

~~ The rotary seals (c.f., Fi gure 2 .3 )  are made of iol>-
urethane impregnated with molybdenum disu lfide . These seals
are hacked up by teflon rings or bearings to prevent extrusion
along ti m e shaft. 

17
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Fi gure 2 . 2  — Pho to grap h of ro tary viscometer apparatus.
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The sh a fts fur the t e s t  s a m p l e s  w e r e  m ade  of  \ J S I  1130
a 11 ev s t i ’e 1 , hardened , g r ound a n d  p oi ished to hold seal f i  ic—
t ion to a m i n i m u r .

lhe t u r qmm e arm sho~ n i n  F i g u r e s  2 .1 and 2.2 is 192 . 1 cm
77 in.J in 1 emig t h . I t  at  t I c he s  C a t lie tap of the test cell at

i t s  c e n t e r .  amid e e~d end is secur e-h to the apparat u s stand

t h r o u g h  a l o a d  cc l 1* . l’hese l a u d  c e l l s  or  w a s h e r s  p r o d u c e  a
si gnal to i n d . i c u t e  f o r c e  at t h e  end of t h e  torque ui~~r~~ , from
which a t r air s al tted torqu e is calculated (see Section IV)

Calibrat ~ u mr of the load cells is discussed in Section III.

The turque arm sy ste m was des i gned  to transmit and m e a i ~u r e
.7 10 10 d yne cm (2000 lb ft) of torque.

.2 .1 Si :~~ 1e Pour amid Cure El xture

The grant samples are p r e p u  red by pouring the mixed

g r a n t  i n  time annu lu s formed by the s h a f t  and t he  s l e e v e  w h i l e
these parts i r e  h e l d  c o n c e n t r i c  and  in p r o p e r  a x i a l  r e l a t i o n
by a fixture. Fi gure 2 . 4  shows a grou t samp le in the pour
and cure f ix ture. The cen tering sp ide r is pu t in pl ace
as so an a s the pour is co mplete and re mains in place unti l
the cu ri n g  cycle is complete. When cured, the sample is
removed from the fixture by removing the sp i der , the tie

bolts , the uppe r flange , the support and the RTV spacer and

seal ring . Fi gure 2 . 5  is a pho tograph of a t es t sample
fi rst in the pour and cure fixture , on t he lef t , and then
ready for insertion into the test cell , on t he right .

The rid ges shown on the ou t side surface of the grout

samp le sl eeve a re spl i ne s which mate w ith the female spline s
i n t he te s t cel l  hous i ng (see Fi g. 2.3) to prevent relative

mo tion between the two parts during the test. A more detailed

d iscussion of the porous and curing procedures is g iven in

Section III.

Ki :- tler Model 901A Quartz load washer.
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curm fixture , l e f t , r i nd H) cured samp le sho w ing
s E a  f t  m d  S l e a v e .



. 1. 3 1 1 - ‘Heel  and ~la~ net mc Clutch

Ihie steel f l y w h e e l , m o u n t e d  on a ver t ic al ax is , is sus-

p o r t e d  b y a radial ball hearing at the top of its hub and an
an gul ar bearing at t i l e  bottom of the huh . lh e angular contact

heari ng supports the 627 kg weight of the fl ywheel. The fly-

wheel has  a 127 cmii outside diam eter. The rim is 7.6 cm thic k

in t h e  r a d i a l  direction , and 20 cm h i gh in th e axial direction.

T h e  inertia of this steel flywheel is 1 .85 10~ 
g /cm .

~\ ma gnetic clutch* drive s the fl~’whee l throug h a

coupl ing shaf t w h i c h  in turn is spl in e coupled to the shaf t
i n  t h e  test cell. This coup ling shaf t was  made from .-\ISI 4130

all oy steel , heat treated to improve strength and made tubular

to reduce inertia. ‘Ihe magnetic clutch is rated at 2. 7 1010

dyn e-cm (1000 lb ft) torque when energ ized w ith a 12-V DC

source. .\ puls ed powe r supp ly was used to control the

acceleration of the shaft. This power suppl y i s d i s c u s s e d  in

Sec ti on III.

2 .2. 4 Pressure System

The conf inin g pressure for the grou t samp le is n i tr ogen
gas , boos t~-d in  pressure from a 1.73 ~ 10~ dynes/ cm 4 (2500 p s i )
comme rc ia l gas cylinder to the required test pressure , with a

- - -  9 7
nominal upper limit of 10 d y n c s / c m  ( 1-1 , 51)0 j m s i )  by a two-

stage pressur e f ooster ** op era ted by compress ed a i r at

7 iu ° d~- nes/cm (IOU p~ i f .  The hi gh pre s sure side of the
pressure boost er was connected to the test cell with high pr es-
ure stainl e ss steel tubing with valves to permit charg ing and

v em i t i m i g  of the test cell. The valves and pressure booster wer e

equ ipped for remote operation. ‘l im e pressure system including

the part~ of the test cell were desi gned for a min imum safety

factor of three based on t h e  yield strength of the materi a ls

*\ IR I H X Model SC- b OO.

**Il aski . I I n gin cc ring Mod el A l 5-15 2 -C.
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i nl et e l I  del m~~ - r~ p r ~~s S r ~~ o r  t t e  ~~ rked g a s  a m i d  t h e  p i e s -

~u me o • t ha d i i ~. mu g ii r . Be~~m im— e  or the s r i  1 1 ~ a! mime of the

as t ca 1 1 , i t con I d  he ch ;m m gad in I ss t ha rm a min i m C e

•~ i t  i n  the as t ccl I free I I O~ % of n it ro gem i as a l u n g
t h e  ‘~~t e m n a l  sp l i n e s  or t h e  s r i mn p be s l e e v e  e~~r i; ml i zed the pr e s—

s ure on the two ends of the t e s t  sample .

Seals ~~- r e  plac ed on the end of  the grout sample to

prec lude nitrogen gas from perme m t i ng the samf) Ic and thus

defeatin g the desired confinement conditions. l’he mat e rial

used to make those stals ~ as o 0.5 cm of paraffin. I’he

paraffin ~~~~~~ preven ied moisture loss from time sample , and

prevented loss o~~ ma terial from the failure reg ions at the

lower sur face of the gr out .
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I I I .  EXPERIMENTAL PROCEDURES

3 . 1 SA~IPLE PRFP\RATION

- \l1 grout samp les tested d u r i m i g t h e  c o u r s e  o f  t h i s
s t u d y w e r e  formulated according to instructions pro vided by

brm t e rw avs h xp e r i m mr ent rm l Station for mixing low s t r e n g t h  super-
- - [ 1  Ii ] -lean grout , de signated IISSL-l . l)rv ingr e dients for

I C  grout mix were supp lied b y Eh S from \avri lrm Test Si t e

ma tee i a is . vary effort was made to produce s a m f i  1 es mcli i ch
a c r e  un i form amid repre sentative of stem im ming material used it

N C S .

B e f o r e  s e l e c t i n g  t he  p i t c h  of the knurl u s ed  on t h e
s h a f t and s le eve iwo sam p l e s  of the ag g r eg ate , hi S d e s e r t
f i n e s , were screened to deternmine the d i s t r i b u t i o n  of p a r t i c l e
sizes. The results of this determination are s h o w n  in Fj  go r e

3. 1 w h i c h  s h o w s  t h a t  a p p r o x i m n a t e l y  75~ of  t h e  pa rt i c les  by
we i gir t a r e  s in a i  i c r  t h a n  t h e  1 . 2 5  mm k n u r l  p i t c h  s e l e c t e d .  The
moisture content of the h iS desert fines w a s  d e t e r m i n e d  u s i n g
a m o i s t u r e  t e s t e r  b e f o r e  p r e p r i r  i n g  e a c h  b a t c h  of  grout. lii i s
i n f o r m a t i o n  w a s  rec 1u i  red in o r d e r  to  c o r r e c t  t h e  no i s t u r e  con-
t e n t  of t h e  a g g r e g a t e  to t i m e  “ s u r f a c e  d c v  s a t u ra t e d  c o n d i t i o n ”
of “ . 1% w r i t e r  c on t e n t  by  we i g b i t  . \ i o i s t u r e  c o n t e n t  of  t h e
ag g r e g a t i -  ~~; m r i ed f r o m  3 . 2 t o  3 . 1 ~ r i n d  h e n c e  a d d  i t  i ona 1
w r i ter was re qu i red  to  allow t a r tire a b i l i t y  of the -~rind to

a b s o r b  a d d i t i o n a l  w a t e r  b e f o r e  b e c o m i n g  f u l l y  s a t u r a t e d .

w a s  m i x e d  i n  a c c o r d a n c e  w i t h  t i r e  p r o p o m ’ t i o n s
l i s t e d  1 n T a b l e  3. I r i s  s upp l ed b y  i c i - s 1 1 ,11 1 

. I ) r v  m n l m t e r i a l  s
w i - r e  t i m o r o u g h i a  mmi i x e d  b e f o r e  w r i t e r  w a s  added. ( l a n d  m i x i n g  of ’

t h e  s m a l l  l o t s  (~~1/ 2 O f t  ~
) p r o v e d  t o  he more s r i t  i s f r m c t o r  t h a n

m a c h i n e  m l x i  i re Fec m i m e t h i s  m e t h o d  i n s u r e d  t h a t  no m a t e r  Ia  I
r e m a i n e d  m i n m m m i x e d  m i c a r  t h e  ed ge s  of ’ time container. IIan ,l m m l i x  i n g

a! so r e d u c e d  t h e  en t r n  i n m e n  t of  a i r . Un tches w e r e  mmi i xed u n t  i 1
n i l  I f r ee s u r f a c e  w r i t e r  w a s  a b s o r b e d  by t h e  g a l .  This requi red
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T AULL 3 .1

Gr o u t  ~1 ix t u r e  f o r  Hi gh S t r e n g t h  S u p e r l e a n , I I S S L - i

Ba tch W ei gh t fo r  M a s s  F r a c t i o n  of
M at e r i a l 1 Cub ic  Foo t ( i b m ) ‘i’ otal Mixture (°o)

Cement “h’ 3.48 3.145

Gel 2.48 2. 241

CFR- 2 0.037 0.0334

S a n d  7 9 . 5 5  7 1 . 8 9 5
Water 24.10 21 .781

Co l o r  1. 0 .904

lOIA L 110.647 99.9994

28 
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i p p r ~~x i m n r m t e l v  13 m i n u t e s  n i t  w h i c h  t i m e  t i r e  gm - o mi t w a s  t h i c k
e l r I i : ii t o  pre~ ent s e tt h u g  of ’ t h e  n m g g r e g a t e , a h i l e  r e m a i n i n g
si l l t i c  i e m i t  I v (‘ i n I d to  he e n m - ~ 1 l v  i m n m m i d l e d  . Saimr p le s were cast

b~ e~~t r u J i n g  ti re g r u n t  I n - i i m ri a p l a s t i c  b a g  i n t o  one s i d e  of
t he , u r u m u u i l n s  b e t r - , ee n t h e  s h a f t  r i n d  s l e ev e  (see I:i~~ire 2. -I ).

m i n im the c a s t i n g  p r o c e s s  tire f i .’tur e assembl y ant s ag itated

l i g h t  b e  :un ~ t h e  g r o u t  t n i i n i p e d  sever al t u n e s  w ith a special tool

‘ m a l e  to p r ec i s e 1 v f i t i n to t h e  a n n u l  ui- c . i n s p e c t  I on of tire

s n m m ’ m p l e s  p o s t - t m - s t  sh o w e d  t h a t  t h i s  p r o c e d u r e  e l i m i n a t e d  a l l
s i gn i ficant vu id s mci thout strut if v ing the aggregate. (A few

i in-i r e ni d si :e voids were observed distributed randoml y ins i d e

ti re snimj~ le . I t is vi rt un i Ilu - - i m possible to eliminate e v e r
sc ru b 1 b u b b l e  f r o m  t h e  s a m p l e ;  i n d e e d , field sni mirp les typ ically

co n t a in n i h oni t 3~ a i r - f i l l e d  v oids nm s discussed in Section J 1H~~)
I n  o r d e r  t o  prevent metal surface to s u r f a c e  b i n d i n g

f r a i n  co r ro s i on i m m t i r e  i n u r im  Iu - i c u r e  e n v  i ronm mmen t , s u -mr faces of the

c n m s t  i m i g  f i x t u r e s  w e r e  c o a t e d  w i t h  a m o l d  r e l e a s e  a g e m i t  b e f o r e
a s s e n u i ) 1r . Ir ,sp o s e d  s u r f a c e s  o f  t h e  s h r i f t  and  s l e e v e  w e r e  a l s o
pr otect ad from corros ion H’ nmp p l v i u u g  a I i g bn t coat of g r ea s e .
)f course the k n u r l e d  s u r f a c e s  in cont n ict w i t h  tire grout were

ap t  c l e a n  and  g r e a s e  f r e e .

,-\f t e m  being filled mci  t h grout erich f i x t u r e  nissemb I v w a s

doub  l e d  se a l  cii ins ide two , a i r — t i g i u t  p Iri s tic bags . A m o i s t
c l o t h  a r m s  s i - r i l e d  b e t w e e n  time ba gs to  i n s u r e  t h u n m t no moisture

em s  l o s t  f ’ roni t i r e  s n m m r m p le  w h i l e  c u m ’ i n g .  ‘l ime  s e a l e d  s n t i m u p l cs

i- i - r e  t h e n  i r r i r r a - d i a t e l y  p l n m c e d  in an o v e n  to cure imirl istur h ed.

i)ur i mug cure thie o v en  t e m p e r a t u r e  a r m s  h e l d  b e t w e e n  ~) 5  r in d  11 2 ° l ~
rind tire burn  i d i  t v  ma i n t n m  I m re d  n e n i  r l i l t )  ~ by open con t a i ne r s  of
w a t e r .  O i l  C ire dri v of the test , s a m p l e s  were taken from the

van and t hu - c nm sting fixtures w e r e  i-emmrov ed (see Fi gure  2 . 5 ) .
\ l a c e r  of  c o l o r e d  p a r a f f i n  approx i m a t e l y 0 . 5  cm deep was

t h e n  cast i n  t h e  a n n u i l i m s  b e t w e e n  t i m e  s h r i f t  and sleeve on erich

end of the s rm mm m p b e . ‘the paraffin s a r i  led t i m e  sur fnic i’ of tire

g rout rind prevented t h e  p o s s i b i l i t y  of high i)rc~ssu nm ’ f l i t  m O g e f l

~



pi ’nm~t m ’a t i ~~m u ~11T ’ i mr g t h u -  t e s t . I t  a l s o  p r e v e n t e d  : i m m y  loss of

n i t e r i n m i  fi- onm reg ions of  f ’n m i l i m n u - ’  i m r  t i m e  s amp l e  e i t h e r  u - I n u r i n g
or nm ft c r tire test .

3. 2 15 5 1 k !  Ml S i ’Ai ’ I Oh

3 . 2 . 1  -\my ~ u l n i r f l i s p l a c e m n r e n t

A n g n  1 a r d i s p  1 i c e m r m e u t s  o f  t i e  11 va h e e l  r i n d  s u n  t w e i

m o n i t o r e d  d u r r n g  t i r e  t e s t  p e r  to i l  m i s  t u g  t w o  p h o t o c e l l  i :m J c I i O l m I e r
r c : m e c  1 un i t s . I a n  - s l o t  c h o p p e r  w h m e e  is m :m o ui i  t u - h  Oil  t i m -  11 valm ee 1

a r i d  s h r i f t  m o d u l a t e d  two  s e p n m r n i t c -  l i g h t  b a r o n s  w h i c h  a u - -re d e—

tecteu - I by pho toce l Is. -i ch s q u a r e  w a v e  I’u u H e  i n  t r e s u l t  i i m ~
s i gnr m l t h u s  co i ’ r e s p o m i ~i ed  t o e~ ,i ct1v one’ t ai nt i c tir oh i t ’ c v o l t i

t ion . A t e n  - t u r n  pa t i n t  m o r m m u - ’  t e r  u-I r i v a n  I ~
‘ t a  S !ai  f t  p r o  v dci

a c o n t i n u o u s  r e co r d  o f  s i n a i  t d i s p l n m c e m ’ m e m m t  :i~~ n i m m c l i o u  0 !

t i m e . i b i s  d a t a  s u p p l e m e n t e d  t i m e  c h o p p e r  w h i m - I  re cord , , m r ~ is J

p a r t i c u l a r l y  u s e f u l  d u r i n g  t i m e  t i m e  i n t a r u - u l  i n  a b m i c i m  c l u t c i m

e n g a g e m e n t  o c c u r r e d .  T y p i c a l  r u - c o r d s  o b t a i n e d  f r o m  t h u -  cho 1~~ m m

w h e e l  and p o t e n t  i o m e t e r  5 > - s t e r n s ar e  shown i i i  i - i g u r e s  3. 2 ~~: .  -

3 . 3 .  F i g u r e  3 . 2  i l l u s t r a t e s  t h e  s l o w i n g  o t  t h e  f l y w h e e l  1 m m

0.18 to 0.14 rps which occurred during a q u a s i - s t a t i c  t e s t .

Similar traces for runs at l mm g bi u - ’ r speeds show t ii , i t the S , i  b e

wn m -n u n n i b i  1 a to  s i gn i f ’i c n n  t l v  slow tire I 1 ~‘a luau - ’ 1 u-lu m i m g  t i e  t es

pe r i  oil ( l u - s  s t h i  n f l  2 %  p e r  r u -  vo I m i t  i o n  a t  I . 50 m p —  m m m d  l e s s  t i i m u m
1% nit 7 . S rps  ) . i~ i gure 3 . 3 m I l u s  t i - r i t e s  t he smoo t ii en g r i  g u - ’ i ’ m u - n t
of t h e  c 1 u t c h  r imm u - I  s u b s  eq n eil t on i H n f l  r o t  a t  ion o f  t l ie s i t  I t i u r

n i i m i g h  s p e e d  run .

3 . 2 . 2 ( l u t c h  I tm owe r Supp l y

i~e i n i t i a l  l v  lent red t h n m  t t h e  t i m e  r e u -~u I n e i l  t o  p u l l  i n
and  l o c k  up t h e  m a g n e t i c  c l u t c h  w o u l d  be v e r y  l o n g  i n  c o r I p : i m  I

Son WI t i m  typ ic n il test times for tim e h i gim speed i-our s ( 13 ) )  m s/
revolution ; . \ -  a consequ ence , the clutch pow er supp ly ar m s

des i g n u - - ! to prov Ide up to nm fni c tor o f ’ t en ov e r  — volt a ge  l o u

30

g - ~~~ - ~~~~~~~ — .,— —‘
~~~~~~~~~

=-- - -



u~~~~u~~~~uuuuu
H • 2 V / c m
n~i ) I 1  i n s  / c n ;u

1 i g r u r a  5 .2 — I n t e n t  H-on l e n - s l o t  cin opp er m- - h m e e l / p h o t o c e l  1 de-
~e c t o r s  O r  s im ; u t ’t ( t o p )  r i n d  I l v a h m e e l  ( h o t  torn)
r - I n i t  i o n  m n 1 q l i n m s  I -5  I a t i c t e s t  -

~~~ 
~~~~~~I m l

I m m u r e  3. 3 — u n i t  u t  from t e n - t u m n m m  1mo ~~e m t t t o m a t o m m  a b r i g h speed
- 5 m p s  ) I e S t . u n u - ’  c a n t  i r i m e I e u  a m !  n u n  Is 1 . I ) m ev a  I i i  -

t i o n  of t ( m e  s u n  I t
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s i r o r t  t i rrue p e r i o d s .  h u r e r g ~ s t o r e d  m r  n i 1 . 2  m l  C n i p n m c i t o r  h a n k
a ni s ile 1 i y e  r ed  to  t i r e  c I m i t c h  n mmn t i i  t i r e  b a n k  v o l t  m c i -  ( ‘e l i  to 12
V u - ) i t  s ( t i r e  c I m i t c h  u -las i g m v o l t  a g e )  . \ t 1 m t  er  t im n e s  a s t o r a g e

n i t  t e rr  m n i n  t n t  i ned  12 vo i t s  m c  r o s s  t ire c lu t  d r  . \ t vp ica 1

vo I t a ge  h i  s t i r  r v  i s s l r o m c n  in  i i ii re 3 . ‘2 a ire re ice n o t e  tb m a t n p  -
r x  I r m a t c l v  12 ) )  mmi i i i i  s e c o n u - l s w e r e  r e q u  i red to  d i s c i r n m r g e  t i r e

c n I p  m¼ .n i t  o r  b n m n h  f r o m  t~0 to 12 v o l t s .  Load c e l l  r e c o r d s  m d i  -

c i  t i  chi t ch e n g n i g e m e n t  at  85 m i l l i s e c o n d s  so t h a t  n i t  l e a s t
i m u r m e n i t n i  r i b  “ t i r e  c l u t c h  c o u l d  t r a n s m i t  roug h lv -I t i n r e s  i t s

n n a \ i m u n n m  r a t e d  t o r q u e  ( 2 0 0 0  i’t~~lb f ) .  In  actual practice , the

c l u t c h  w a s  n e v e r  requ i red  to d e l i v e r  m o r e  t h a n  abou t  1/ 10
i t s  r a t e d  t o r q u e  to t i re  s h a f t .  I b i s  low t o r q u e  r e q u i r e m e n t
c o u p led w i t h  t h e  high torque capacit u -- of the  c l u t c h  at t h e
t u n e  t h e  c l u t c h  p l a t e s  e n g a g e d  p e r m i t t e d  t i re  c l u t c h  to  lock
up e s se n t i a l l y i n s t a n t a n e o u s l y .  The sudden stress buildup

ex c i ted ~on -sion a1 oscillations in the test apparatus w in ch

p r o v c - d to  be a m a n  or s o u r c e  o f  noise I m r hig h spe ed runs.

Th is difficult > ’ w a s  reduced b y m o d i f y i n g  t i le  c l u t c h  power
s u p p l y to  p r o d u c e  a m o r e  g r a d u a l  t o r q u e  l o a d i n g . A s shown
in I n g u r e  3.5 , the clutch icnm s initiall y energ i:ed by t h e
storate b a ttery until just before pull-in occurred (280 msec).
‘ i thi s t i m e  t bm u - ’ d isc h arged 1.2 m l capacitor bank was alec-

tronica llv connected in parallel with the clutch , m omen ta r i l y
u - - l a c i n g  t i m e  v o l t a g e  a c r o s s  t he  c l u t c h  to i t s  m i n i m u m  h o l d - i n

v o l t n i g u - -  ( 1 . 8  V i .  V o l t a g e  across the clutch then ramped up

expon emi ti aIl m ~’ (with m m 35 ms e c  c - folding time ) as time cap acitou- s

c h a r g e d  up to  t i r e  sup i -n l v  v o l t a g e .  ftc imriprovement in  t h e
r a t e  o f  s a m p l e  l u r i d  ing is u- ’vi dent in Fi gure 3.3.

3.2.3 l urid i t ’ l l  L a l i h r n m t i o n

I w o  l o a d  c e l l s  w a r e  e ’n 1 l o v e i i  to  m i m e n i s u r e  t h e  t o r q u e
m m i m i - - n i t  t eu - I  by  t i n e  s n m m I n i c  as d i s c u s s e d  i n  hu - ’ c t  i Oil I I . Be f o r e

testing com il u - ! hu ’ ,g i n  it wa s n a c a ’- s n i r v  t o  c m i i i b r a t e  t h i - re—

SPOflS C of the load cells to balance t i l e  o U t 1) U t S  so that

32
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b i g i m n e  3 . -i -— C l u t c h  v o l t a g e  as a f u n c t i o n  o f  t i m mm a m r  c : n l m n m c i  t a r
b a n k  p m ~a a r smm pp Iv  ic I ti m S t m  r a g e  b a t  t e n > ’  b a c k u p

— 

lIPPU 
m
0

m m r s ( c /c

i i g u m e  3 . 5  — C l u t c h  volt age IS  m u f u n c t i o n  o f  I i m mue f o r  c i m p n m c m t m m r
‘‘ ( 1u eu r ( : im e ( 1 ’ ’  1morce r  s u p p l y .
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1 C S~ i I - - i t  i on of the s i g n a l s  wm m u n l m i  proviu - le n i true ne n isure of
- C s rm ri p le h e i r a ~’ i o u ’ . C h m m r g e  m m n : m i u l  i l i e n - - - - a c m e u s e d  I b i f  h e r ’

e i t  p u t  O h  t e h I gin  - i m p e u - i an c c  ( 1 ( 1  1 2 

~
) quni r t z i o n !  d cc 11 s

t~ p r d nm ce - i  ~o l t n i g e  s i g n n m l  s u i t a b l e  f o r  o s c i l l o s c o p e  d i s p l a Y .
Ca in mmii i  r n m m r ,ge cOil t m au ls omi the chnmrge n i l uu pi m h ers p r um v i d e u - l  tir e

means to set the sans it i vi t of tire lo ni ul ccl is.

The load ccl is ice re cnil ib rmi ted on the rotational vi s -

c o n r e t e r , i n s t a l  led  e x a c t l y mi s t i r e v  m c a r e  u s e d  in t h e  a c t u a l
t e s t  runs . A s e r i e s  o f  b ails nc e re  a p p i  ieu - l  t o  t i r e  t o r q u e  n m
m i n d  t i r e  res u l t H g si gnal recorded . Fi gure 3 .~~~ s h ow s  t h e  re-

s ul  t i ng  c a l  lb r a t  t o n  d a t n i  f o r  t h e  c e l l s  . To e q u n m l i:c t h e  l o a d
c e l l  o u t p u t s  the gain on tire 1 c h a r g e  r i m p l i  f i e r  a n t s  i n c r e a s e d
f r o m  2 . 000 to 2 . 3 0 3  so t n a t  bo th  u n i t s  had  an o v e r a l l  m m u i t p u t
of 3 . t u 3~) V / l h f - o r  8 . 1 7 3  x i 0 6 V / u -l y n e .  S i n c e  th e lo ad c e l l s
w e r e  m u o u m r t e u - l  3S . 2 5  i n c h e s f r o m  t h e  s h r i f t  c e n t e r , t i r e  i r t m m r q m n i -

s c u n s i t i v i t y  ic m i s  1 . 1 - 2 2  V / f t . l h f or  8. 112  x i0 -
~ \ ‘ / d \ - m r e cm .

lir e l oad  c c i i  ca l  i b m - m i t  i o n  was rechecked dur i rig tire e ~ — e r  1 n an

and  founu - l  to  he u n c h r n t n g e u l .

3 . 3  l’[ST SEQU EN ( ‘P

Before each test commenced tile tao ii g br p r u s s l n r e  s e m i  i s
were cleaned mind he n iv ii> ’ lob nic ni ted with e x t r e m e p r e s s u r e
rease. A grout sample asse m bl y (preprired as  d i s c u s s e d  i n

SecHon 3.1) was then in stalled in the h i g h pressure test ce l l .
P r e : m n m r a t  i n u n  of the v i  s c o m e te r  was comp l e t e d  by in stm i li imr ’ t i m e

p t o r q u e  n i r m  and  nm sso c i a te d load  c e l l s , c o n n e c t  i n g  t he h i g h p r e s  -

s u n u - -  n i t  r H - e n  l i n e , ami d r e s e t t i n g  t i r e  p o t e n t i o m e t e r  . .- \ l t e m
c l ea r i n g  t h e  test s t ni m iul , time fl ywheel - is  s p u n  up to  sp aeu -l b~’
t h e  e l e c t  n c  ac tor. -\ ste ridv state rotation , mi s u-I ete i’mir i uied

by t I r e  chopper ” si g n nml s , was mmttained in either ~ 2 m r

minute s at the low and hi gh drive sp e e d s , re~-p c c t  i v u -- l v  . ‘I’h e

te st c e l l  a m  t i m e n  p r e s s u r i z e d  mis  r m m p i d i y is pos s ible; nor-

mi 1 1 y tim is r e q u  i red f r o m  10 to  - I S s ec o n d s  d e p e n d  i ng  on t i m e

u l t i m a t e  t e s t  cel l p r e s s u r e  rind t h e  i n l e t  p r e s s u r e s  t o  t i r e

3 1
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- - i s  boo st e n  (c .f. , ~e c t io n  2 . 2 . 4 ) .  l’he a c t u a l  t e s t  w a s  con-
d m n c t e  d i a  s o o n  m i s  p o s s i b l e  r i f t  ar  r e a c h  i n g  t i n e  d e s i  red  t e s t
p r e s s u r e ;  g e n c r m t l l v  i c i t h i m n  15 seconds.

P i g u t  osc  i 1 l o s c o p e s  w i t  in p o l m t r o  I d  c a n m e r a s  w e r e  m i s e d  to

ru - c o r d  t e s t  d nm t a  . Both I nd i v i dual anui summed l urid cc ii ou nt ç : A ’ 5

i t  t w o  d i f f e r e n t  s e mi s i t i v i ti e s  w e r e  o b t a i n e d  u s i n g  f o u r  o s ci l-

l o s c op e s .  C l u t c h  v o l t a g e , p o t e n t i o m e t e r  v o l t a ~~e ( m m m i ii h e n c e
s i r n m l t r o t : r t i o m u )  and ‘‘ c h o p p e r ’’ w h e e l  s i g n a l s  c o m p r  i s e d  t i r e  r e —
mmmi i n i e r  of t i ne  i n f o r m n a t i o n  r e c o r d e d .  -\ n i n t h  osc i l l o s c m pe pro-
v i d e d  t i e  t i m i n g  p u l s e  to the  c l u t c h  p 0 - - e r  s u p p ly  a s  d i s c u s s e d
i n  Sec t  ion  3 . 2 . 2 . \ c t u m m t i n g  t h e  c l u t c h  p ow e r  s u p p l y p r o v i d e d
t i r e  n e r o - t i n i e s i g n a l  f o r  a u t o m m r a t i c  s e q u e n c i n g  of t h e  o s c i l -
loscopes . A l l  o s c i l l o s c o p e  sweeps  e x c e p t  t h o s e  of  t i r e c l u t c h
v o l t a g e  m i n d  t i m i n g  osc i l lo s copes w e r e  d e l a y e d  2 0 0 . 0  m i l l i s e c -
onds  f r o m  : e ro -  t ime to m t 1 i o ~ f o r  the  m e c h a n i c a l  c l o s u r e  t i m e
of the nm n n g mne tic clutch . The test was terminated manuall y after

I t o  3 s e c o n d s  I d e p e n u - l i n g  on t i r e  f i r - w h e e l  speed  and t o t m i l  u-i i s  -

p l n t c c u e r m t  des  i r e d )  b r ’  s h u t t  i n  o f f  t he  c lu t c i i  power .

,- \ t  t h e  com i c  b u s  ion of  t h e  t e s t  t i r e  p r e s s u r e  on t i n e
— a m n i ) l e  S m i s  r e l e a s e d  r e m o t e l y  and t i r e  f l y w h e e l  w a s  a l l o w e d  to
come to  r e s t .  I h e  samp le w a s  the i r  r c n m o v e d  f r o m  the  t e s t  c e l l
anu l e x a m i m n e d .  Tire  a umnoun t o f ’ w r i t e r  ( i f  a n y )  r e l e a s e d  h u - - t h e

a r m p le d u r i n g  the t e s t , e x t e n t  of  t he  f r a c t u r e d  i m m a t e r i a l , and
g e n e r a l  c o m p e t e n c e  of t h e  samurp le  w i r e  r i o t e d  at  t h i s  t i m e .

) m u  
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IV. DISCUSS ION OF TEST RESULTS

1 . 1 O i J - \ L l ’ l ’ ,-\ l ’I  \ ‘ i .  N \ i ’ u R i ;  01- f l i P  ‘FF51 ’ RESI J L ’ ] ’ S

i.e r e c n n l l  from Section 1 1 t t m n m t i n  t 1 m u - s e r o t a t i o n a l  u - i s -
c o mnre trmc t m  s t s , t i r e  s im m m i t mmmii tine grout mire i n i t i a l  lv st:i-

i u r m n m r v .  ‘l i re r o t n m t i m r g  f l y w h e e l  i s  e n g n i g e u i  , v i n m  t i r e  m m r n m g m n e t i c
c l u t c h  ( c . f . , Fi gure 2 . 1 )  t u m  t h e  s i m m i f t , causin g t i m e s h r i f t  to
r m u t n m t u - ’  m m m r u - l p r o d u c i n g  a s h e a r  f o r c e  a t  t i m e  i n t e r f m m c e  b e t w e e n
t i r e  s l m m i f ’ t r i n d  I I C  gm’ o u t  sa mm n p l c .  ‘l ire q u n i l i t a t  i v e  b e h a v i o r  r h ’

t h e  g r o u t  s a m p l e s , w i r e m r  s u b j e c t e d  to t h i s  s h a r i  r f o r c e , w e r e
e s s e n m i  i m i l I v  t i r e  s an e , i n u - i e p e m i d e n t  o f  c u r e  t i m e , s h n m f t  s p e e d
o r lm ’ m l r o s t  - m t  i c  p r e s s u r - e .  T h e s e  s a m p l e s  a l l  e x p e r i e n c e d  s h e n m u ’
Hi  l u r e  n e n u m’ t ! m e  s h r i f t .  ‘l i re  a n n u l a r  d i m cn s  i o n  of  tir e H i  le d
reg i o n , o l m r ~e r v e d  i n  p o s t  e x p e r i m e n t  e x a m i n a t i o n  of t h e  samp les
m i t  a t m o s p h e r i c  p r e s s u r e , w a s  l e s s  t h an  1 mm. ‘i ’here d i d  n o t
mi ppe n i r to he  s i g n  i f i c a n t de l o r n n a t  ion  a t  m i d  i rn l b ea t  i o m ’ m s  n m wn i v

f r o m  t i re  s h a f t .

‘l i re  s i r e n  r St r i - s  s n i t  t i r e  s m i  f t  a i m  I ch  t e m r d  s t o p r m ) L b m n - :e

d e f o r m a t i o n  of t i r e  g r o u t  samp l e , t r a n s m i t s  a force through

t i ne  m o m e n t  a rm to t he  load c e l l s , d i s c u s s e d  i n  S e c t i o n s  11
and III , amid shown in Figure 2.1. ,-\ s c h e m a t i c  d i n i g r a m n  of
the torque mne an- u r-ement is presented in Fi gure 1. 1 .  I h e

a n n u l u s  of grout is subjected to a torque , p r o d u c e d  by t h e

s h e a r  s t r e s s  at  t i n e  s h a f t , t o g e t h e r  w i t h  t i r e  t o r q u e  r e s u l t i n g
f r o m  t i m e  load  c a l l s  p o s i t i o n e d  n i t  t i n e  e n d s  o f  t i r e  lever a r m n r .

~Jien the rotation is steady or when inert m u  e f f e c t s  m i r e
neg l i g ible these two torques are equal* . In  t h a t  c a s e  t h e

* flre  ba u d s t r e n g t h  + s t a t i c  f r i c t i o n  is  on t i r e  or - u - I c r  o f
1 10 ” d v n i e s / c i i m ’ . S i n c e  t ime  m a x  inrumu s i r e m i  r s t  r e s s  i n  t i r e
g r o u t  o c c u r : ;  a t  t h e  s h m i f t , we may u s e  t i r e  s u n  f t  r a d i u s
( 0 . 5 5 0  i n .  = 1. - i l  cm) a m i d  t i re  l e n g t h  of  t i n e  g r o u t  sp ec im e n
( 3 . 7 3  i n .  = 9 . 5 3  cm) t o  e s t i m a t e  tine torque as (1 - - l0~
dr’mies /cnr ’) 2r (1 .- il cm) (9.53 cm) 1.2 ll ~ d vmn es-c mni . lim e

n n m m m ’~S of t h e  g r o u t  s a mmip le  , based upon a dens it > ’ of 2 gmmm/cm um
is  m i i m 2 u r , ,x i m u m m i t c l y 230 gm.  l~e can e s t i n r n i t c  t u e  i n e r t  i m i l t o r q u e
as 1 d3 q gmm m ) (1. cm)  (10 cm/scc)/ (‘u t  sac) 4 . 4  ‘ I O 3 dyn e ciii -
se c/ (~~t s a c ) .  h ence i t  i s  o n l y on mu t u nic scale of ‘u t  i ü ~~~
that tire im re r t jab fo n-ces arc important.

-
~~~~~~~~~~ -- 
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An n u l u s  of  Gr o u t
= S u m m a t i o n

of  Load C e l l
R e s p o n s e

Rad ius of Shaf t I
-t = Shear Stress at Shaft

L = Lever ,-\rmn
of Load Ce ll

Figure 4.1 — Schematic diagram of torque measurement.
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r e l a t  i on s l r i p b e t w e e n  t i m e  s u m mn o f  t he  u n m e a s u r e d  f o r c e s  F and t h e
s i m u - a r  s t r e s s  i n i t  t i re  s h a f t  i s

T = 1 - i .  ( 1 .1)

where L is the moment arm to tine load cells (97.2 cm) , r is

t h e  r a u - l i u s  of t i r e  i r m n e r  s h a f t  (1 . -i l cm) and ii is time m m x i  a l
l e n g t i r  of  t i m e  g r o u t  s a m p l e  ( 9 . 5 3  cm) . h ence , j f  F is  m e a s u r e d
anu - i the inertial effects are unimportant, one may d i r e c t ]>’ c m ii -

c m n l a t e  t h e  s h e a r  f o r c e  a c t i n g  on t h e  g r o u t  samp le a t  t i n e  s h r i f t .
T y ’ r c a l  load  c i i i  r eco rds  a re  sh own in Fi gure  4 . 2a for tire

c ase e l ’ v e r y  b c  s h a f t  speed  (“u-’.l rev/sec) and correspondingl y

low strm u in rate *(~~H sec~~~). These records of the volt nm ge-

time histories of the two load cells , when summed , y ield the

v olt nm ge-ti m n e history sirown in Figure 4 .2h. ‘I’he scale on ver-

tical m m x i s  of this latter fi gure  is .2  V/ c m  wh i le t ir a t of t i r e
hori:o uital axis is .1 sec/cnn . There is an iuiitia l , monoton ic ,

incremis e im r force to some mmma x imum value followed by a u-lecav to

a lower misy m ptote. ‘l’he risn time to peak fo’ cc is on the oru -ler

of  0 .  m l  sec m cii i cii i s  s e v e r m n l o r d e r s  of m a gn  tude iargen’ t h a n
t ire  time required for a sonic icave to traverse the n im ’m n u l u s  o f

grout. This implies that t i n t  grout sample imas not been “s h o c k
l o a d e d ”  in  t i m i s  a x p e  r i m n m e n t  . ‘I ’Ire d u r a  t ion in wir i d r  the force

in Figure -1 . 2b i n c r e m i s e s  c o r r e s p o n d s  to the ti un m e requireu - I to

acc elerate the sir m i ft. ‘l’his is seen i m r  F i gure -2 .2c where the

di spinice m ent - t i n c  history of time shaft , measureu -l by tine poten-

tiometer (c.f . ,  Section III) ,  is illustrated. Lxcept for mu

smn m nill tinn e , ~~~~ see , corresponding to tire acceleration of tire

s h a f t , tint potentiometer record hnm s essentiall y a com istant

— s l ope , which indicates that time velocit y of time s ir n mft is

almost constant. A more quantitative measure of the velocit y

of tir e shni ft is obt m u I ned from the recording of tire “c h o p p e r ”

si gnm u l shown in Figure 4.2d where each complete period imidi-

*A nominal value , d e t e r m i n e d  b y divid tn g the taurgential shaft
velocity by t h e  annular dimension of the grout.

- 
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- n i l  [ m m  u - l i  v I dii i i 1 om i d • 1 1  s’; .2 \’ /cm , 11 ) 11  ms c c / c m .

uiisaua

--

( ‘ J i u t ’ ’ i t  i o n  m l  h u m i d  L u  1 l s ; . 2 \  1dm , I U O  m sec /cu m m .

I l n ’ m irt’ — i - - : c j  I i o s c n p t ’  u e c o m d s  b r  g r o u t  su - ~~ ie; -r ir n i f ’ t speed
I N v / s e c  , p r n ’ csmm ra is i .2 ~. ~~ 

m j \ .~~ ( .5/ ~~~~ :
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( u - i  I S i m n i  I t  y e  I n un i t v  (top) mind f 1 r ’a ’lre e I y e  I n c  i t  v ( h o t  t m m i i i )
. 2V/ cm , 21) 1) Tr m r , u ~d / u - m n m .

I-I ~~m irr 1 .2 — (b~c n  I loscopt rec om - (ls I’ m -m r  g n ’ m ’ r mnt  s a m m m i ~ i e ;  shaft speed
is 1 rev/sac , pre ssure is 1. 2 x 10 ~f m ics/ u’m 2
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cates .10 revolutions. We presume that the grout experiences

elastic deformation during the .0-2 sec that force increases ,

then the bond s tren gt h and s t a t ic f r i c ti on of the gr ou t i s
ex ceeded producin g a thin fractured region immediately adjacent

to the shaft. Because the shalt disp l aceme nt is n eg l i g i b l e  in
this time we ulesi gna te this resistance as tire static resist anct-

of t h e  g r o u t .  S u b s e q u e n t l y ,  in a t i m e  w h i c h  is of t h e  o r d e r
of . 2 sec , t h e  r e s i s t a n c e  be tween  t h e  s h a f t  and  the grout hm is

di minished to a much smaller level. The asymptotic vm ul ue of

this resistance corresponds to a measure of the friction het aeu ’mn

the grout and the rotating shaft . This  l att er res i stance is
des ignated the dynamic resistance of the grout .

Recall t h a t  t h e  s h a f t  in t h i s  viscometer is roughened

w i t h  a x i a l  grooves (c.f., Sections Ii and Ill), where  the
di mensions of the grooves are of the order of the av ern mg e

d imens ion of t he deser t f ines  used in the grou t . Bec ause
of th i s , the grout within the grooves remains competent and

mo ve s with the rotating shaft; the actual failure of the sample

occurs just outside of the grooved shaft surface. Conse-

qucntly, we expec t that the bond strength and also the static

and dynamic fric tion of the grout are of the order of the

respec t ive quan t i t ies for  a p lane  of shear  f a i l u r e  w i thin  a
ho m ogeneous  s p e c i m e n *. If this expec tation is correct then

the measured resistance and displacement histories in Fi gures 3.2h

and 4. 2c together with the post expu -r imen r t obser vationr of mu u --cry

th in  f r a c tured reg ion adjacen t to the shaft imply ni material

response which is strong ly domina ted by bond f a i l u r e  and dry
F’ - - 112 1

friction t ~~~. The r e l a x a t i o n  of the ma te r i a l  r e s i s tance  sho w n

i n  Fi gu re  - i . 2 b  i s l i k e l y  the  r e s u l t  of a g r i n d i n g  a ct ion as the
par ticles in the thin fractured region move with respect to

each other.

In a later paragrap h we wi I attempt to j u s t i f y t h i s  expec-
tation by examining m i comparison between the present measure-
ment of maximum stress (bond + static friction) and tir e fail-
ure stress measured in triaxial tests.
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‘Fine qual i tat i ye influence of shaft speed u p o m m  t h e  nmem i  -

s u r e m e n t s  ma > - be u m m m u i e r s t  ood b y mu c o m p a r i s o m i  of t i n e  p r e y  i L m u s

r e c o r d s  j u n  F i g u r e  4 . 2  w i t h  t h o s e  in F i g u r e s  4 . 3  and 4 . -I . In
tine for m er case the siraft speed was . 1 rev/sec while in time

l a t t e r  f i gu r e s  t h e  sim a ft speeds are ccl. 5 and ‘c7. S r e v/ s e c
re spectivel y w i t h  corresponding ctrain rates of ~ l0 Sec 1 and

~ 50 sac
’. Of par ticular interest are the respective force-

t u ne histories shown in Figures -2. 2b , -2 .3b  and 4.4b. In all

crises til e vertical scales are . 2 V/cm and the r a u i g u ’ s ar e
i d e n t i c m i l ( c . f . ,  S e c t i o n  I I I ) .  H o w e v e r , til e h o r i : o n t al  s c a l e s
in Fig u res 4 .2b and 4.3b are .1 sec/cm while that in  i - i g u r e
4.4b is . 0 5  sec/cm. It is clear that rate effects hm iv e an

i n f l u e n c e  on t h e  peak  f o r c e  s i n c e  t h a t  p e a k  i n c r e a s e s  as  tire

shaf t speed inc reases .  Ag ain , tire tim e associated w it h  the

increase to peak force at tine hi gher speeds is s ti l l  much
smaller than that associated with the propagation of a sonic

wave acr oss the a n n u l u s  of grou t , imp lying that the grout

sp ecimens are not shock loaded. There is not a linear

relationship between the rate of loading of the grout and the

speed of the shaft ; tin s is because the nmagnetic clutch was

a d j u s ted to decrease  acce le ra t ion of the s h a f t  a t t ire h i gher
veloc iti es ( c . f . ,  Sec tion 3.2). We see tha t , excep t for tire

magni tude of the peak and the initial character of the force-

ti me h i s to r y ,  the qualitative behavior of tir e histories in

F i g u r e s  4 .2h throug h 4.4b are tire snmmmme.

We also note in Figures 4.3 and 4 .4  an o s c i l l a t ion in
t h e  load cell records. This oscillation is caused by a slig Irt

eccen t r i c i ty in t ire a l i gnmen t of the shaft (‘~.0l cm) w it ir

respec t to the axis of rotation of the flywheel. This

ec cen t r ici ty is a m p l i f i e d  by the long lever arm (see F ig. 1 . 1)
-
‘ 

to produce a per i odic  f l u c tua t ion in the fo rce  on the load
cells. Ideally this fluctuation exactly cancels when tire two

load c e l l  s i gnals are sum med; h owever , iiumbalances in the

amp lifier gains pe rumiit a small residual oscillation in tire

combined load cell s ignal. The sinusoidal nature of this

si gnal  a l l o w s  i t  to be re a d i l y sub t rac ted f r o m  t he s i gna l  to
gi ve the actual torque response of tir e sample.
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a.

( h )  S uu im u rmn i t in n o f  load u - u - i  I s ;  . 2  V / c m , 10 0 m s e c / t - nm .

i’ i r t i i r ( ’  1 . 3  — O sci llosu :ope recor ds l’or m t n ’ O m i t  ~ n m n m p l e ;  s i m a f ’ t sçeed
is 1.5 rev/sec . pressure is .89  x i o ~ u-i v m r e s / c m
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(m m ) I n d i v i d m i n m l  l o mu d c e l l s ; .2 \‘/cm , 5 (1 m m m s e c/ cm .
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- 1. 2 I \ l l , [ i I \ m i i i i -  ‘ i J R I m  I l , \ I l ,

Lu m ig t In o f  cu - i u c  i s ku nm uncn to ha u - a mi s i gun i f i c n m n t  i n f ’ i n i e m i c e

u i l m m mr the me ‘Lp ommse of cemm iem r t mu mm u - 1 cemmi cmm t no u t m u ’ t o  c r e e p

t e s t s .  ~~ i nn t h e  p r u - s u ’n t  s e r i e s  of e x p e r i n m e u m t s  t h e  m n m m j o r i l y
01 t ha sm i mnp  lu - s we r u  t u’~ t a d  s u l u s e q u e m i t  to  a cii  r e of 1$ — 3 0
d u e s  i i i  a cour t ro  1 led t e n mm p u - ’  r m i t  u r e  amid l m u n i i d  I t y  cmi v i r o n m e n

i~ d i s ~~m n s s e u - I  i n  S e c t  j o in  I l l .  h o w e v e r , to  in u - ’ e s t i g m i t e  t ire
I n f  luem’ice of cm i re time up om n tir e d n a m i c  r e s p o n s e  of t i re
g r o u t , some t e s t s  w u ’r e  com rui uctcu -I w i t h  s a m p l e s  c m i r e d  f o r  o n l y

( u n i t ’  or n i n e  d m u v s  . I n  g e n e r n u l  , t h e s e  l a t t e n ’  s m i m m m p l e s  cx i i  i b i  t ed
the s m m m n e  q u n i  ii t , u  t i vu - ’  b e h m i y i o r  m i s  t h o s e  s m i m p l e s  mcii i cli w e r e  en it ’d
f u u r  a l o n g e r  t i m e . Lnc u- -v u - -r , tire resistance of t h e  s m m m m m p l es

s u bj e c t  u - i  t o  nm s imuurt c u r e  w a s  s m m i m m e w l n a t  l o w e r  t h n u m r  t h m i t o f  the

saun p ies smib i ucted to mm b u g  cuire . This is i l l u s t r m m t e d  in
Fi gur e - 2 .5 where the s u mn iu n m u t io m i of time two lo mmd cell force—

t irn u-n his to r i es I n t u- n ’ mn s o f  cc i t  a g e  for two s a m m m p l a s  m m ru - sli owm n

These s n uim m i u l e s , w ith cmir u ’ times of 1 dn i> ’ and  29 da> ’ s , w ere

t e s t e d  m i t  m m shaft speed of 1 . 5  r e v / s u ’ c amid  t h e  sa m e c o n f i n  i u r g
pres~- mi m u- . - \ g u i n  t h e  r a m m g e  amid scnsi t iv i t > ’  ( 0 . 2  V / c n m )  o f
the oscilloscope trm m c es nure the smimmi c ; in n add i t  i o r r  t h e  hor i-

zon tal t ime scal es are 100 ms / c m . It is apparent that the

dynam ic friction resistance for the sample with a cure time

of 1 day is approxima tely 25% less than that of the sample

w h i c h  was cured  for  29 d a y s .  We note that the dynamic resist-

ance of this latter samp le is consistent with that sirown in

Figure 4.2 , and hence is representative of the sammmple response

in the case of the longe r cure  t im es.

1 m m  the qual I tat i vu ’ helnavior of the one-da y cure

snimp 1 as was Vary m u c h  I i  ke that of  t h o s e  w i m  i cli were curau-I

for a longer time . ‘l ire samp les I m u l a d  i n  sheam i u r  n i v e m’ ~’
thin reg ion adj u uen t  to the s h a f t  n m nd did no t  n u p p e n i r t o  i)e

si gn i f i can t ly  del ormuied outside of this reg iour of fnm i I n ure.
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l u r t i n t ’  c mm s u ’ u f nu I 1 s n i m n m 1 u  las t u --s ted nit h i  g ir p r u - s  su m r u - s  ( I )  . 25
kb ) t here a is mu mIm O u-l u-’ m m t  a num mm u uL i u l t of f r e e  w r i t e r  j m  res ent 1 mm

ti n t ’ I u-st st- ct I our nut tint’ I a mmmm I mmmi t l o i n  o I tire t u-s t . I - o r t iut ’sa

s imr p l es w h ic h m i d  iue en r cum ’ u’d f o r  o n n i r ’ o n m e  t o  u r i n e  d a y s  t h u
, i n ’ t m m u n  t of  I hr i s  f ru - - c  en i  t u- r n c n m s g r u - m i  t a r  t h n u m m  i n  t h o s u - ’  c ni e u’ s

f o i’ w hr i c h t hr e c m m m’ c t i mmm c mc m i s 1 o rig e r

F i r e  i n f l u e n c e  of c u r u - ’  t m im e upoun t i r e  peak  r e s i s t a n c e  of
the smumples , when tire shaft is initiall y rotated , a lso  shows

C s i m u m u -  t r e m r u - l  t i r m u t  i s , t h u -  s a m m m p l c s  s u u b i u ’ c t e d  to mu c u r e  of
o mre  dnu v c x i n i h i t  mu ru - s i s t n i m m c u -  le ss  t i n a n  t i n n i t o f  t i r e  s a m m n p l e s
mcl r I d r  w e r e  c u r e d  f o r  m m longer pe riod . We ici l b  r e t u r n  to
ti n s i m n f I u u - ’ m m c u -  o f  c u n - e t m ine m r  S e c t  i o m n s  -1 .  5 nimr d - 1 .6

1 . 3  I N F L U I  .\CL 01” l O ’I ’ A l .  S h I . \ I - i  U [SPLAm ,;l~ tI N i ’

F~e have s h u u n c m n  i n  i n i g > i r e s  I . 2 t i r r o u i g h - I .  5 t h a t  t h e

res  1s t  m i n c e  of  the samnp  Ic  is  t imne dependent , i n  t he  se i nsu - ’  t h a t
t i r e r >  i s  a r e l m t x n i t  j o u r  i n  tine mn en ms ur cd forcu -- - tine histor i u-s

r uu nl r  mu p u - - a k  to m m l ow e r  l u - v t - I of f o r c e .  Si n c e  t i re  g r o u t  co mn-
I - i n s  .-~n umnd p a rti cles , i t is 1 iku- ly tlrat this histor > - is

i i  I’e ct ed by t h e  r e l n i t i v u - m f l u u t i o n , w i t h i n  the thu r fm ’ nuct u n ’ u’d

r u - ’ g i o m r , o f  such p articles. I t  is  of i n t e r e s t  to  d e t u - r m m m i mru ’
1 t i n t ’  j u - - u r m t h m  of t imne associat ed w i t l r  s uch  r e l m i t i v u - -  no t  i o n

s i gn  ~ i c a n t  l y  m u f f c c t s  t h e  r e s p o m i s e  of t h e  gr o u r t . We iravu ’
s I i i u j t ’ c t~~ u -l s o m m m e  g r o u t  s a m p l e s  to l a r g u -  t u n e  o r  i n u r g u - d i s p l a c e -
mm m emmt te st s . in th u - - se t e s t s  t i m e  s i rm u t ’ t wm u s r o t a t e d  to a t o t n u l

__ of  ap p  r u u ,~ I m m m a tu ’ l v  30 rave lut m on - u s i n  t h r e e  t e s t s  . ‘I ’h r ee  at  agu - s
of m - otnut ion w u - ’ r e  m u s e d  t o  m n i n i m m m i z e  t h e  p o s s i b i l i t y  ol i r e n u t i r r g
efie c ts produced lu> tile frictional ras i stn u nce of the s mummm p l c .
In j I um ru -1 . 0 we show the v o l  t n i g a  — t i umie h i s  t o r i e s  of t i r e
1 nu-1 1 v u-h un  1 1 o m i u - I  u - c  11 s iii mu rejm r e s e n  tat i ye test m i t  1 . S r e v/
se-c. I n  t im is case the grout snim m m l ) l u’ Wm is Sui)jccted to 0 . 75 x I0 9

dynes/cm 2 of pressure which was maintained for the duration of

t h e  N- st inc I ud m ng  t h e  t I mes be t w a u ’ n t i m e  p e r i o d s  of  s h a f t

-18
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I ’ U t ; i lou . .-\ g - m i m n  t he - s e ’ m m s n t  i v i ’ v  m i n d  m n m m m g e  a t  thu o s c i l l o s c o p e

V u - - C O i l S  m i m e  he  S m m m n u n u s  1 m m  t h e  e- - m  m l  m e t  f i g u ~ . es g i u - - n  mn g  ni  u - e r  -

m c m l  ~u - nm u Ic ol 0. 2 \ /cnm ; lie h io m ’ u :u mm t n i l  s e n t  i t -  i s  1 1 )1 ) mi s/cn n

!iic O s c m i i o s c o i u u ’  t r m i c a s  c o n n t u i m n  0 . 7 5  ~u’c i m u e r v : u i s  of t h u -
0 1 1 p a n - i  - Li o f  s in ni f t  r u t  m t  j e l l . i n n  ( ( m e s a  i - n  gumes I . ( -  ,

nd  c - u r u ’ r u - s p u -c ’ i v e l y t i m e  i ’ o r L u - - - t  i mmm e I i i s t o m i u - s  b e t u - c u ’ u m m

- ml - - I . I a )  , ( I l .  1 — l 2 . , 3  I m i d  I 2 1 ’ . 0 — . 2 .  I ) m e u - ’ o i u m i  - o i l s
where t ine s i n m u f t  r o t  n i t  i o n  a n u s l i m i t  m u t t - u - I m t  t h u  l u e g u m m m m ( m m g  o f

eric in i m i t e  m u - ,u 1 a inoicn m . . \ m n  e .\ n i m m m  i m i n i  t i cmii I t int ’ :15 u-- m m  t o t  I c cn n h u e

i n n  u’ id  i m  f I mr  m u -’ , a l i e  in t In u p e m j oh i e d l !  a r n i C t u- m o f t i r e -  m u  so m l
is - u c u - o m m i ’ u’d for , i n d i c n u t es t h u  t h i s  n m S v m u u p t o t u n  for

I g i n  i’ es 1 . ha , F mind  C I S mu -s pec t i vu’! ~ -‘ 0. 1 8 \‘ , 0 . 1 6 V m ind
m l u , \ .  l i n u s  j n m p h i e s  l i t t i c  im i f l u i ” n i c u ’  of dis p inu cc n i c - u n t  1 1 0 m m

ti n t’ ifle i S  Limed smu m ip 1 u-’ u-i v i m m u i m n  I c m u - s i a ~n mid u~ . U f m m d l  I I i o n m u 1 1 m m  e re- s t
i a t m e c F mu m , u  c t e r  o f t Inc force - t u r i c - in I a t - ‘r u c s  u - chic  m m t m e  s m m i i

I S  m n i l  m u  l y r o t m u t  eu-I . It Is ci u - n i l ’  t i m n u t  t h u  ~u e - m u k  m mi 1m i g u r u ’  I .

is i m u r g est amid t i nose in F i g uiru --s I . i u b  m m d  c n u r u -- , m p t u r o x i m n i t c l \ ’

In u s imile- . 1 lie d f f n- rc ’imce i s mu mi mu - m i s  n r c  of  t lu ’ S t mu’ ug t im u

t h e  b air d of c u r e d  g r o u t  . In  F i g u r e s  1 • tub m i n d  c t mu i s  b ond h a s
been broken m ind c o n s e q u r e n r t l v  t h e  r e s i s t a n c e  of  the -  s m u m p l e  t o
rotm i tion is the resistm n nce associated w i t h  static friction.

We w i l l  e s m u m n i n c  l a t e r  in Section -1 .6 the m i t  ial peaks of

t he’ f o r > ’e ’ - t i m e  h i s t o r i e s  n u n d  c o m p a r e  t in e s e  m e m u s u r e m e n t s  w i t h
t h e  v i  u - I d  stren gth d e f i n e d  in t r i a x i a l  mind unconfin ed corn-

p r e s s iu - - e t e s ts  on s a m p l es o f  t h i s  grout .

-) . I I ~ F i ’’ i ’~u ’F ( ) I n  V I SCm m \ fl T I R  R E S T  ST- ’u- N ( ’ F (15 RU T ,- \ T I O N

Our discuss ion of the m tm o h i t  b e h m u v t o r  in the previ ou s

p . u r a g r n u p h s  has  been  esm nent ~a IIv quali tm i t ive; we have not

n i t t e m p t e n ,l to relate the m e a s u r e m m m e n l  - - to an e vm mi u ni ti o m r of

5 ; u u - ’ C l  fic mm u t e r I nil propert I es. I n  o r d e r  to u s e  the m u ’nm su iru ’

m n e n t s  ( l i n u r i t it nut i v elv I t  i s  n e c e s s a ry  t o  c x m m u l ’ m i m l c the ’ r o t a —
i o n u n u  I res  i s  t n u m m u ’ e of the v imefl m: n .’t er i t s - i  f , wi hout a s n u m p  1 e .

S I
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.\ ~- m m m m u m u t  i on  of the’ t wo hum i d cell force-time hmstories for m u

t v p i L u l  r o t a t i o n a l  v i s c o m e t r u c  t u ’ s t , w i t h o u t  samp le , is s } m o w m m

i n  I n i g u r a  -1 . 7 . I n  t i ’u n u t t e s t , t i n e r o t a t i o n a l  v e l o c i t y  o f  t h e
a l m a  I t w a s  I . S ru - u -  / st ’ c and  t i m e  t e s t  S t - c t  ion was pre ssurized to

0 .  55 x 10’ u-I vn m es /cn m ~ . T h u - - s e  condi t ions nup prox imate - the test

e n v i  r u i n u i m e n t s  o f  t i r e  g r o u t  s a m m u p l e s  sh m u w n  e n u r l  i cr  in [n j gm jm e 4 . 5 .

In  t h e  p mu - - su - - nu t fi gure the y em ticm ul ’ - h c alu - ’ i s  0 . 2  V / c m  and  t h e

h o u - i : o n t n u l s c m u l e  i s  100 m s / c m .  b~ u- set- th a t tine ru - ’sistance

01’ tin e v iscometc i ’ mu l ine is  qua ! i t m u t i v e l v  1 i k u - ’  t h a t  of  t h e
v i sc u- n : iu t er p l u ~ s m m m p l e  d i s c u s s e d  i n  the p r e y  ious  p a r n u g r a p hs

is air u n i t i mul p emi k in tir e force -time history i m u l l o w - ’ed

b y m u d u - - c i s  to a in is ser vm ul u e . ‘h’h e major contribution to this

resistance of tire v iscomcter is tire interaction b etwe en shaft

anti th u - r o t m u r v  s a m i l s  w h i c h  a r e  used  to  i s o l a t e ’  t h e  t e s t  c e l l
in the visco m neter. These pol~-ur e- thane seals we’re shown in

F i g u r u ’ 2.2 ; when tim e’ test cell is pressurized the seals are

forced nu g mu i nst tin e’ shaft , permitting a buildup of tir e pressure

in the test cell. The magnitude of this viscometric (seal)

resistance is compared to tirat of the vi scomet er Plus Sample

in Fi g u r e 4 .8 , where tir e resistances in torque are shown mis

fmm n c t ions of shaft dis pim mu - eumm ent (revolutions). These values

or torque are obtained from time summation of the two load

c e l l  n e c o r d s  and  m u m _ u- i n u l i c m u t i t - u ’ o f  the nuean line in those

records. i’he resistances measured during tests of two

dif f em u - n t  samples nine  shown mis the upper curve in Fi gure 4.8

fo r a shaft speeu -i of 1.5 re-v/s e- u mind for the indicm u ted irydro-

static pressure’ . h i s  curve in c !uu - la s the imrf l m nu --un ct ’ of both

the smu mp l e and th u u - ’i s commmeter a n d  is corrected for tire

periodic osci h a t  i C ) fl i n  t h e  unt-asurem i’nt . The two lower

c o r v u s  s inu u-~ the re s istmu mn ce ’ of the viscometu - ’r alone at a

s h u nt ft a p e - cd of I . S r e v / s e e ’ and a t eat cell pressure of

x IO~ dvnes /cm 2 ; this latter d a t a  is shown both with

ari d w i t  b o u t  mu t o  r N ’u -’ t ion for t i m e periodic osc ill mi t ion in the

measurcm m ,- n t . Whil e - the resistance of the viscomete m is much

amm mn u l l e r  than t h m u t m e n u — m i r e d  i n  the t e s t s  of’ til e samples it is

52
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S i n u  I ’ t s peed  I a 1 . S r e v / S a c , p r ’ e s s u m e  i s  . 5 1 u  ~ 10
d v n e s / c u m i 2 

. Ve r t  i c n m l  s c u m  l u - ’  i S  . 2  \ /cnm , h e m  i zo u r t m u 1
S c n u  I t ’  i s  1 ( 1 ( 1  mm ms u - ’c/c m .
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m i u - ’ c e s s m u  m y  t o  s u b t r a c t  it fro u nm tine visconmeter plus sample

resistance to determ ine tL~e c ~u anti tat iv e - value of the sample

resistance. 1n 01- the cases sirown in Fi gure 4 .8 ncu-- infer thmut

tin e sam ple resistance fns r t > 0 . 8  sec (
~ 1 r ev )  i s  on t ine

orde’r 0 1  0.18 x 10’~ dyne-cm of torque. Ihere are evident

p r o i u l e m s  ( c . f . ,  I n i g u r e ~ -1 . 7 )  i n  s u b t r a c t i n g  the ’  v i S c o u n c t e r
(st — nil) resistance from that of tir e viscometem - plus samp le

for the entire’ histor y of the test. I’lri s is partiu ’ul am ’ly

true n u t th u -- early times in which the respective curves are

rather steep and , in addition , there is mu si gnificant noise

l evel (c . f .  , Fi gures 4 . 7  and 3 . t u ) .  H o w e v e r , f o r  t i r o s e  t i m e s
in w h i c h  tine r ca  i s t n m n c e  h a s  r e a c h e d  i t s  a s yn r p t o t  i c  or  d e n a n i c
level it is a simple mnatter to define the level of resist am ’uce.

This dynamic resistance of time viscometer (seal) is shown in

i -i gure 2 .9 , wherein the torque is presented as a function of

tin e hydrostatic pressure in the test cell . This data we -re

oh ta i n e d pri m nar il v nut 1.5 ru’v/sec ; however , a few tu- st s at

7.5 rev/S ec were also run to show that the shaft speed has

l itt l e  in f l u e n c e  upon  t he d ynaur u ic response of the viscometer.

A ic-must-squares fit to the viscometer resistance is mu l so

presented; tinere us nun increase in resistance mis tire Imvdro-

st atic pressure increases. We shall use this l a mi st-squ m mures

fit in time following paragrap h s to deduce numerical vm i l unes

of t he sa m p le resistance and to thereb y derive u mm m u tarim u l

p r o~ ert iu- s from the data.

4.5 1)YNAMI C R1SIST,’\NC in OF GROUT: PRESSURE AND
S’I’RA IN R A l i .  EFI tm IiCTS

We now examine the dynamic resistance of tir e gr’o m it

and in particular we seek to determine tire influence ’ of hydr a

stm u t u c  pressure and shaft speed or strain rate upon tim e g r o u t

sample , subject to an axial pressur e loading from ~mr escut’i :ed
n it r ug en gas , wa a shown . ‘l’h i s m ix u al force t e n t !  ; to cirunpre ss

S-I;
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t i n e  g r o u t  s n u u m m p l e  m u m r d  t o  i m i e r e m u s e  t i n e  n o m i n a l  I me t ’ s I~~’ t n c u -~ - m i
he smu ni p 1 u- mimmd t ire s im m I ’ t . I~h i i l u ’ t i n  i s  I o ;ud  i s  m u o t  h u n  u - I i- oat 0 Ic

i t  u I u p r o x ~~u m m m i t e s  l m y u - I m o s t a t  i c  l o a d  m u n g  m t  t I m e  i m i g h e u ’ p r c s s n u m u - s
(1 0~ J ynes/cn 2 ) b e c a u s e  tim e s t r e ns  t o f  t i e ’  g - n u t  i -~ e x ; e c t  ed
t o  be low (10 d v m n e - s / c n m ) . I h a t  is , t ir e’ n m n m u n~ i n  a m : ,  d i  I e ’ r e ’ mm c e’

b etween the principal stresses in nonhvdrostm itic loadin g is
directly related to the yield strengtir of the matu - r i n u l ;  conse-

quen t l v , the v a r i a t ion f rom h ydros ta t ic behav ior i s sm a l l  when
the m ixial stress is much larger than the yield strength of the

material.

I n  t h e s e -  teSts a t  h i g h p r u s s u n ’e s  t h e  s a n m p l e ’  w a s  isol a t e d

f m mmi tire’ j) rca sum i :e’d g n u s  by mu l ice m of co lou-ed p m m m u  ~~ i in in!  i ced
on b o t h  f m i c e s  o f  t i n e  s m m n m n p l e .  I h i s  p n u r a f f i n m  s e r v e d  t w o  p u r l u o s e s :
first , i t  pmov l u - l ed  a b a r r  iu ’ r t u u  p ru ’vu ’mm t tire- in g i m p r e ’ s s l m r u - ’
gn u s l’ ru :n u - l i  l i n u s  lag t l m r u u m u g lm ti re ’ smu n m p l e duriun g tire comi m p r’eSSiOir

in t hu -  teat e u - - I l ;  umrd secorr d 1 y ,  it pr ov iu -lc u- l , mu I be i t qumm i I t m i t iVu - ’ 1 y

a cr iterion for estimating the contact between the shaft and

t i r e  s a m p l e  d u r i n g  r o t n i t  i o n , s u u b s e ’q u c r r t t u u  f a i l u r e ’  of  the sampit’ .

I f mu g a p  nc mus c r u - ’ m m t e ’ d b t ’t w e u ’ mr t I n e  sm m nmp I c  a n d  s h a f t  i t  i s  l i k e l y
t h a t  t u e  l m m m n ’ m u f f i m n  w o u l d  h m m u v e  e x t r u d e d  i n r t o  t i r m u t  s n i p  l e n i u -’ i n g

mu co homed ru- s idu ie ’ 0mm both t h m - s hn m u - ft mmm d tire samm uple . 1 mm t h e ’
f u o s t  — t u - - s t  u ’ xm mmi l  i nat jour ti m u’ n’e u -ca .; no lu n d i C m u t  i o n  of seu c h r e .\ t ru s  j our
i - u - mm t hre - r , followi ng tire hi gh pressure tests , i t was observed

u ( u m l  1 1 t nut j u - c- I u- t ira t t h e  s h r m u  f t  dour  I d lie turned mm m o u- u-’ o nus i i  v t 1 m m
was t Ft cnu a u - ’ for tine- mut imm o sp hm e ’ r ic or l o w  p r u - s s u r e  t u- ’s t 5 .

u - ’ ,\ m l m e ’ c t  t h a t  1mm tine- hi g in Ii n’ u-ss u uru’ tests tIme c o m m m p x - u- s s l i’ I u- ’ g r o u t
( c .  f .  , b - i g u r u -  1 . 1 )  a n u s  forced m ig ainst tire shaft and cor r Sc-
{ m u e n  t h y mu a i i  gir t l u - I mu m’gu - i’ nm n i ss of ’ grouu t w i  S f m , u  c t  u r e d  . M m cm
the pru - s m u u  N’ Ofl  tine- s m i m n u p l e  was u- u - -I u’m i scd , t i n  i s  m m m n u t e - i’ 1mm 1 e x p m u m m u - I u- u- I
l u-nu t ’ l i i i ’, nu 1 mu m s u -  u’ vo l umn e of’ f’m ’nu u -’ t uru -- u-I rn m u t e ”u’ i mu 1 muu - h j m u cu - ’n t to time

sh a f ’t . ‘lb i s  appmu l u - m i t l v  reducu - ’u-l tire ’ res  m st ni u mce’ of t h m u  s m i u m i p  l u - ’

a l m a  f t  rot nut i oum m u t nu t u n o s p imu -’  r i c P I ’ t ’ ” ~ s ure ’ m i s  e’o m mm p mi u’~-d t o

t h e s e -  samp les s ub jecte d t m  luw en’ pI’ ’su -~~ ’u-’~~ 
‘l ime m u l u s e n c a  o f ’

c ’xt rudi’u-l paraffin between the  slm; u ft and tim e samp l e im m u p l i e s  t h a t

- -~~ - - - - .‘- - 
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wheur tire grout us under pressure thus  vo l ume of fractured

material is i n  c l o s e  c o n t a c t  w i t i n  t im e s h a f t .

The meas u red dynamic m ’csistance of t h e  g m m m u r t , m i s  mu
f unc t ion of pressure , is shown in Fi gure 4 .10 . In that figure-

the d at a m n d i c a ted b y tir e open symbols g ive the u ’esista nce

of  ti r e v i s c o m n e t a r  p l u s  s a m pl e  and the data shown by t im e- c lose ’
symbols g ive the resistance of the vi scometer alone. l ’his

resistance is measured i nn  torque ; t h e  difference bet weejm t i m e’

least-squares fits throug h the respective measurements prov id u - ’~
an indication of the dynam ic resistaurce of the grout sample.

This resistance is essentially constant for the range of

p ressure  shown in the f i gu re- . ~1oreover , tirere is not a

discernible influence of shaft speed upon t inis resistance;

that is , the data for 0.1 , 1.5 and  T .5 r e v / s e c  a l l  occupy

tir e same pattern nubout the lemust-squar e s fit tirroug in the data.

Th i s indepe nde nce of samp le ru- ’sistance of shaft spu - u- d (or

strain rate) implies that the sample response is not u--’ 1scou ’-~;

we h a v e already inferred rate- inde penu -Ien-t be h avior fr nm t im e

absence of sample deformat ion outs idu - of thu ’ th u r n  f r m u u -’t  u m  ad
reg ion adj acent to the shaft . ‘l ir e q u a n t  i t a t  I v u - ’ m m m u - ’ m i s u - u r ’ u’ um m t - m m t  s
shown in 1-i g u r e 4 .10 lend further substance t o  that con-

c iusion.

‘l’h c dynamic resistance of tin e smu nu p les , l u m i a a u -I m u j e ’ n  t i m e
difference between the two least-squares fits mi t a p r e s s u r e

(1 2 .  . -of 0.f . ~ x 10 dynes/cun in Fig u ire -2 .10 is 11. 0 u 2 0  dvn e -cru i .

When this value ’ of torque (F x L) is useu -i jun m l . -2 .1 , wu-
mucalculm u te the shem u r stress at the ’ shaft to h)u ’ 0 . J  x 1 ( 1

d y n e s / c m 2 or 0.9 bmm i r s . ‘I’his shear Stress g ives the d r um m u un i c

friction stress between the grout and tim e shnuft .

In im ug uru - 1 .10 we’ hav e nu’g lccted the data f’roun two

spu -Cimen s mired for nine days. The r o sist nr mmc e of these gr umi ut

saru p I as w- m i a very low , I nd I u-- m i t  i n g sonic un k n o w u m  d ff1 emi l t v a it hr

t h a t  data. h e  f u r t h e r  show t h e  effect of cure upon t ine res is—

I m i m i ’ o f  t hue grout w -  nu g mu in preSent in In I gu ma -1 . I 1 t h e  d v u m m u u m i  i c

58
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I’ u-’s i s t n u i cc o t  t h e  s . u e m l l e s  s hi u w i n g  t ime ’  l e - n g t h r  o f ’ C u r t ’  f o r  the ’
r e s l u u ’c n l u - c  d j t , u  p o i n t s .  , \ I s u ~ s l u o l c u r  u N ’  t i m e  r e s u l t s  f r o m
t i n - se- test s u ufl t i r e  s~~m : m 1- ’ 1 e’s u-c n t hr ‘-

~~ t u s  C u r e  I i mi m e’ a . 2~ i t  h tire’

a \ C e p  i o n  o f  t hu-’se 1 mm t t u - -  m s , m n m 1 u  I u ’s t i n e - r e ’  i s  m m o t  nu drmu n nnmt i c

m i n t he-m ice U t  L i m e ’  i uuie our time m m m e u s L m r e ’ m m r u - n t s .  I u n i t  i s , I u m m

, o s u - - s m ” i h u - - s a i m  i c i r  i m , m v u ’ i ’u ’ e u m c u r e d  f o r  18 d m u v s  , or  more- , h u e
r c a  i s t - u in c u- i 5 u m i m u  f e e  t e d  b y t ine ’ 1 e ’n g t i m  0 1  c u r t - . .\ 1 50 , win u 1 e

f m - u-i ~t f o r  th e ’  1 - d i  \ C~ 1 m e -  t e s t  s i r e  low , t b e e  m i r e u m o t  ou i t S du-
e l ’ t ime ’ ~~~n u t  t e r -  i n n  the u - hm i tmu fn- onm t h e  sa i mup l e s  w i t h r  t i m e  l o u n g c m ’

m u  u- - m i n e s  . \m n mu - I d I t  i m m m i I m m  t i fmu C t u n  the t u - s t  i rig of t h e

g m ’  m I s he u - m u  r 1 m m  i a m  I ’ n ’onm h a t  c m t o  hi nn  t ch . I un F I gu r c  4 . 1 ~
n e  h i t  ch ic ’ s fran u - dr ich t i m u -  s m m n n p i u - S u-c e’ m e  p o u r u - - d nn r c  I nd i C m i t  cd

g n u  in the’ ~m i t  mu s h o w s  t i m e u-l u - ’ u umiim m i c n - u - s  i s  t n m m m c e  of’ tine’ Smm nm n p l u - s
m u s  m m f u i m m c t  i o n  of  p r e s s m u r u -  . t \ i t } n  t I r e  e x c e p t  l o u r  o f  t ine  h m i t c h u ’ s
f r u n u  u - c i r u c i m  a im mu tul e s w e ’r e  c u r e - d f o r  u n i n e  d m u v s , t h e r e  is m o  m d i —
c m i i  m o u m t h m m u t t i m e  b m u t c h  s i g r r i f i c n m u r t l y m m f f s ’ c t e d  t I r e m e a s u r e d
d v u u a m  m c r u - s i a t  m m m c c  o f  the sammm p l u - s

4 . m u  S I ,-\ 1 1  C i~iF S I ~~~~l , \ , \ C 1 .  O h -  GROU ’I ’ : P lhE S~~U R h ~ \ N l )  S’l h~ -\ I N
RA I b m  1:11 - i n C i ~~

‘u m m u - i m  t ime v i s c u w i u e t u -n ’ s h r a f t  is f i r s t  m m n t m m t a d  t i r e  g r o u t
Sn uifl [) i t ’  is u u N  u-I 1 v , mu l b s  i t b c  n u l l  u- , de f o r n m m e d  . ‘I’h i s  de fom’m i um i t 1 our
i s  . u s c u n i g u m n n r u - ’d be mm s h u - m u r  s t r u - ’ s s  i m r d i c m u t u ’ d  by  t i r e  u r a n u s u r e d

f’ m ce- -t l um mu’ h i s t o r i u -’s ic . f. , i i gu r e s  - I .  -~ - -1 . -I ) ,  w h i c h  r a p i d l y

i ne rt- - i ~& ‘ S t u )  u-i mm un ux im i uu mm m u - ’ m u l u u u-’ , m m nmu - l  t l memr , u - upon  failure re I n m , \ u-’s
t o m m 1 mu - cu r ; i s u - ’ n m p  tot i c u--a 1 lie ’ . l ’ tm me 1 m i t t u- r a t  m u - - a s  , wimic in icu-

- . I e s i g m i i t c d  t u e  d v n m u r u u i c  f r i u : t i o n  s t r t - s S , u - c m u s  d i s c u s s e d  j un

s e -c t  i on I . 5 ; j i m  t ime ’  p r u -  s cur t s e - c t  i o n  u-c t- e x a m  i m m u - -  t i m e  ir a t c u r t ’ of
t h u -  g u u u t  ru - - s  i s t m u i u c a  n u t  failure. S In c e ’  t i r e  g r o u t  does  u m o t
experience si gnificant motion prior to failure , we refer to

this resistance as a static resistance. This resistance is

c o n t r i b u t e d  to by both the bond strength between the grout

in the mu nnulus and that grout moving with the shaft and also

the static friction on the interface between these two

materials. The total of these two components should be
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c o m p a r a b l e  to the ma te r i al s t r e n g t h mea sured in tr i a x i a l  and
u n c o n f i n e d  c o m p r e s s i o n  t e s t s  of  t h e  g r o u t . In a l a t e r  para-
g r a p h  we w i l l  p r e s e n t  such a c o m p a r i s o n .

t chmi  Ic  t i re  d v n a m m m i C  t’ r i c t  l o i n  o f ’ t i r e  g r o u t  s a r m i p l e s  h i n t s
b een  s h r u u w u n  to he i u m d e p e u m d c u n t of  t ir e s h a f t  speed ( s t r a i n
rate) , t b n u -’ u r a t u r e  o f  t i m e  a n u i m m p l e  res  I s t n m m u C e  u n pon  m i t  i n t l r o t n m t i o n
m miii I m m i l u i r e- i s  s i g r n i f u e ’ m u m m t l y  n u f f e ’ c t e d  by t h e  s h m u i’ t s pe e d .
‘f i r i s  mc ,us d i  s c u ss e i  j u n  Se’~~t iou r  - 1 .  1 and  we- p r e s e n t  m u n o t h u ’ r
c o m j u n u r i s o m r  of t l n c s u ’  m n c m i s u r e ’d f o r c e - t i m e  h i s t o r i e s  i u m  Fi g m u r e  1 . 1 3

s i m u w t in e i m n f l u u ’ m m c u - -  of  s h a f t  speed  upon  t he  s t a t i c  r u - - s i  s t a m i c t -
of  t i m e  s a u n p i e s  . i n  g e n e r a l , t ime p e a k  and s l o p e  of tire- f o rce -
t i m i m e’ h m j s t a r v  n i t  u i r i t i n i l s m u m m m l u l e  r o t a t i o n  i n c r e a s e s  w i t h  aim

i u m c m e ’ n u a e  i r r  t i r e  s i n a f t  s p e e d .  l u r  a d d i t i o n , t h e r e  is S u i l n u ’

i nrc m e - n u s e  i n  t in e’ n o i s e ’  lace- h i n  t ime  m e m m s u r c d  S i  g m m m m l . l’he

5 t - u t i C  resis t am rCe is tmnken t o  he t h e  mean  v a l u e  of t i n e  m e n m s u r c d
s i g n u u l  h u - ’ t t~u ’en t i n e  t ’ i u ’ s t  n n m u x i u m u u i u m  m u n u - 1 t h e  f i r s t  m n i n i n u u u n  m u s
show - mr i ur Im I gure -1 . 1 4  . iii I s a t  n i t  ic res  is  tn n mmce  , together u-ci tin

n u m m  i i m u l i c m i t  i o n  of time’ mes p e -Ct Ic C u m m a x i m a  and un i r m i m a  mire ’  S i n o i ~n i
u n  1:1 g u r e  1 . 15  e xp  m e s s e d  m i s  m ne - m u s u r c d  t o r u lu e  f o r  h o t i r  tim e
u - i scomet e- m plus sample- tu r d tire viscometer n il one. A gn u i m r , timc

4 u - l m m t m u  f o r  t i n e ’  u - ’ i s c o m m m e t e ’ r resistance show mu a - e l i - d e f i n e d  p m t t t e r u m
of u u m c r e m u s u n g  r c a  i s t m i umce ’ w i t h  i m n c r e n u s i m m g  p r e s s u r e ’ . h h o u - c e vci’ ,

u r m  c o n t r a s t  to  t ir e’ d v u u m m n u i c  re- s i s t a n c e , t i m e r e  i s  mu ir  i m r d i c m m t i o u r
t l i i  t t i r e ’  s t  n u t  i c res  I s t a n c e  of b o t in  t i nu ’  v i s c o n m e t  e r  f, se-nil ) au iul
t he u- ’ i s c o m e t u - n r p i m u s  saun p ie  m i r e  f u n c t i o n s  of s i n n u f t  speed or
s t r n u i n  m u t e ’ .

I n  o r d e r  t o  I ’ A m i m j n u ’  the’ st a tic resis t m m m m c u - ’  inoru -- cm u m u ’-

l u - i l l u- u - cu -’ s i m ow m u  i n u g or e  2 . 1 (m t ime ’  m i m e m u n  u - m m  l u - i t s  of  s t a t  i c r u - ’ s i s  —

tn u muce C u r  t i m e  h o w  s p e e d  u - m i t - u  1 - 1.5 ru - -u - /sec I fn-om both t imu - ’

v I s C IuulI’ tel ’ p1 U s  S nu ln p 1 u- amid tire v I scoun e t er  mu 1 ours ’  . I f~e’ im m uu - ’ e

n i l so inc j u , ~,i u-’d orre dnutnu point nut 1 . 5  ru-’v /seC mu uru - l m u t m o s p i r e r i e
p r c s  no i re ’ . ) 1 he- d i  ffere-ne ’ e- ha t i%a - e ’m m t h e  l e n m  a t  — s q u m u r e s  f I t a

03
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( n u t ~~‘ : i t t  spe ’ed i s  ~ .5  r e v / s a c , b m o r i : o n t ~~i s c m u l e  i s  5)) m m m s e c / c m .
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hr m u u n m g ir I i re  ru ’s pee  I vu -’ d m u  t ~u g i vu ’s  nu u s - m u s h  mu -’  o f  t i m e -  a t nil u c

r u -- s  i a t  i n c a  o f  t hue  g r o u t  s u n u p  l u - s n i t  I l u e s u - ’  1 uS sp - u - -~I a .

u - cu -’ o h s e - m u -  ed n u n  t i r e  c n m s e ’  0 1  t I ne -  du - ’ m n m u m i u i C  m u - a  i s t a n c u -  s i m o w i m

l u r e- v  i o u - i s  I s i n n  1m i g u i  n -  I . 1 1 ) 
• t i n e -  u-i I f fe’ r e n c e  he- t a u - u- mn I m u -  lu - u

(‘ i t s  i n n  F i g mm ru - ’ 1 . l o  f o r  t i m e ’  sI ut i e ru - -s i s tmurmce is u ’ S S u - ’ n t  m u  I 1

i m m d e ’ p e ’ u u d e i m t o f  p r ’ e s S u - i r e .  ‘l’ i r e m m f o r e , t i m e  a t m u t i c  r e s i s t m m u m C e ’

of  t i r e  g r o u t  I a i n -  t m m fum e t I on of p m  u-sau l -c m m m d  ncu - - f im r i t Im mu

I in i a 1 a r q t u u -’ ( I ~ x hi s 52 . 5 .~ 1 0 / d y m m e -  - cm f u r  t i r e- C n u  su ’ o r  I he -

l o s  s j u u - ’u ’ d d a t - u  (. ‘ l . S  r u - u - / s e - c )  . (is i n n s  ( mu -h . 2 .  1 u - c u ’  c o u m c l u m e l e
t ira t h e  a t  n u t  iv  r c a  is t n i m m c  u- n i t  t h e  1 m i t  e m  f , m ce he’ twe - e- un t ire- s h n m u  f t

aird the g r o u t  is 2 . 7  - lO ~ d y m n e ’s/ cm , or a t h r e e f o l d  i n r c m e a s e
o v e r  t i m e  n e -a s u r e d  dy n a m i c  f r i c t i o n .  -\ g a i n , t i n s v a l u e  is

f o r  t i m e  low speed  t e s t s .

‘ c- i r - u v e  u n u t e d  t i r m u t  t I n e  s hn m f t  i s  m i n a c h i  neu - l  mc i  t h u  mix  i n i l

~ ru u vu ’s u - ci n ch  mire-  s o u n c u - s i m a t  l a r g e r  t i m a m i  t i n e  n i v - r n m g e  d i u m n e u r s i o u r s
of t i r e dc- se- r t f i n e s  0 m m  e d i i i  t i n e  g r o u t  . Be cmuuse- of t in  i a i t

is e- c p I .’c t e ’ d t i m m i t  n u t  l o w  s l uu .’cu-1 5 t i m e  s t r c m m g t i m  of  tim e’ i n r t e r f ; m c i a l

bo nd , together with the static friction , at the interface between

the grout moving with tir e shaft and the grout in the annulus ,

s h o u l d  he of th e order  of the f a i l u r e  st reng th of t in e gro ut

as m e a s u r e d  in the static tests . Tha t is , f o r  tr i a x i a l tes ts ,
the s tr ess d i f f e r e n c e  a t fa i l u re  si rould  h e tw i ce t he v a l u e  of
the present static resistance . Such tes t s on i-ISSL-l grout

hmiv e he’en reported~~~ and have  y i e 1d~ d results of 2.5 to

6 . 7 10 dynes/cm~ for t h e  s t a t i c  r e s i s t a n c e .  Sim ’m ce  we
o b t a i n  a static resistance of 2 .7 ~ io 6 c1yn ea/ cm~ ice conc lutl e

L~~ ~~~~~~~~~~ that tim e static resist ance measured in the present tests is

c o rn s i s t e n t  w i t h  t h a t  ~1et c r m i n e u - l  hu - ’ t i r e  t r i n m x i a l  u-h un t mu .

‘F lue ’  a t ,u t I e m s m a t  m i n c e  i a cc r t mu i n  1 Y mu I tt mm e t i our  of  s I m m f t
- 1m c c d o r  s t  u m i i i  m u t  u- mm li ‘x num Irma I I onr of F g u m  N ’ -1 .  15 I m m d i  C m i  t u - ’s

n h - u i  u n  i u u c m u - u s u , ’ i n  s i u m i f t  sp u - u- d  l’ r’omn 1 .5 t o  7~~ 5 rev/sec Cm u um

d a u b  I e t he  mime - u  -- - mu - -d a t mu t u c n m u  i s t aim cc . I J u w u - ’v u- m , t be’ ru ’ i a m m u

- mu I I I c I l - m i t  u l m i  - u  t o e’ o m m u p  1 et  u- 1 u- di ’ I’ l u r e ’  t in I s t n - u ’ nd

0



I - m u m - u  I I  y , ~ u- m u e  t u- t l u . i t  t m u - ’  I c m m  l h o f  c u r i -  m m !  so mu f fe ’ c t a
t he a t - i  t i c m u - - s  I s t i  m m c c  o f  n hu -  - ; m n u ’ n i f u  1 u- ’s . 1 m m  I- i g n u  m m -  I . I 5 au  i m m u  y e

u mmd u c m u t c d  th os u - ’ sm um u mp l c s subj m ’c ted t u a 1 -  d i y  c u r t ’ . (li e’ s t m u t  ic

r e s i s t - i o u - c  is cu m u s u d u ’ m , u i - l v  io u - cu - c t i m n u u m  t i m - u t  o f  t hose ’  s m u - m i i p l u - a

u-- mi red t o m  a l o u m g e - r  t i m m u c ; t i n s i s  l i k e l y mu r esult of d i m m m i r m i a l n c d
I - - m d  s I r u - - n n g t i u m u m  t i m e  c a s e  of t i m m u s e -  s ; m n m r p l u - s n c i t i m  mu s h o r t  c u r t -
I u me’

4 . R I  m I - I I I  I t T  I OS O h -  (;RO I J ’I ’ S A M P L I n  U N D E R  PR E SSURE

A q u a l i t a t i v u ’  t e s t  of  t h e  r e c o n s t i t u t i o n  of f r a c t u r e d
g i . u u t  b- ’ hy drostatic loading was undertaken. In  t h i s  t e s t
a u - m o m i - e ’ t u ’ m i t  g r o u t  samp le was  m a n u a l l y  b r o k e n  i n t o  s m a l l
g r~ u I ~la r p ie-cu- s aim d replaced in tir e annulus between the shaft

a nd t ime ’  e ater slu -’eu--e of tir e teat cell. ‘ftc sample was then

compressed t l m L
m 

u-l y u m e s / c m  i n th e v i s c o m e ter , without simaft

rot at ion. IJ ; u u u u  r u-m’ t u v a l  f r o m  t he  v i s c o m e t e r  t h e  g r o u t  w a s
e . u m m m n u - ’ j . I h e  , i m a f t  c o u l d  be easily removed; there was li tt l y

i r u c i  j o u r  l u  -
~ ~- - um t h e  s h a f t  and t he  g r o u t . The grout u n n u l u s

did mnot coll apse - u1uo ur tin e removal of tire shaft; appar e ’um tl y

t i m e  m n n t e r l o c i ~m - - I s aurd  p a r t i c l e s  t o g e th e r  w i t h  t i r e  cemeur t p a s t e

provi ded sufficient bindin g to resist deformation under

gravity. ihowe- v e’ i upon application of a airmail shear load

(m a n u a l l y applied at the top surface of the grout) the grout

m i nu nulus readil y detormed anmd collapsed. Tir e reconstituted

samp le was considerably weaker than competent samples of time

grou t .

7 1 )
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V. SUMMARY AND CONCLUSIONS

Tir e m t r o u r t s m m n - i p le s  , when  t e s t e d  in the rotary visco-

m at er , show mm q ualitmutive he lu nuvior which i s, indep end en t of
cu re  t i m e , s i n a f t  speed or h y c l r o s t m m t i c  p r e s s u r e  and  a q u a n t i -
t m i t ive  hei’uavior which is p r e d o m i n a n t l y  i n f l u e n c e d  by s t r a i n
m u t e .  Th e -s e  a n n u l a r  s uu mpl e s , f-i i i I nn~ in s h e a r  a d j a c e n t  to
the viscometer s h a f t , exhibit first a bone! f a i l u r e  t o g e t i n e r
with a static friction resistance to motion and , second ,

a subsequ ent relaxation of the fricti on resistance to a

lo we r d y n a m i c  v a lue . T h i s  d y n a m i c  r es is tanc e is i n d e p e n d e n rt

o f ’ s t r n m i n  r a t e  and hy dros tatic pressure; the value of tin e

J nam ic shear stress n i t  the shaft is 9. x lO~ dy n e s / c m 2 . Th e
bond s t ren gt h p lus  s ta t ic f r i c t ion is dependen t upon the s t r a i n
m u t e }m u - i t  n mpp m irentlv independent of hydros ta t ic p r e s s u r e .  For
t h e  c n m s e  of low s t ra i n  r a t e s  (‘u-~1.5  r e v / s e c ) ,  t h i s  bond s t r e r m g t h

p lus static friction produces a shear stress ru t the shaft equal

t u u  2 .~~ 10 0 
d u - ’ncs /cm 4

. T’ue observed behavior of the grour t

,— m i gg e s~~s tha t it c a n  he characterized as a plastic material

where in the resistance- to deformation is dominated by “dry

friction ” . Th ere is no e’vidence of viscous behavior.

-\ c u u u ’ m ; m u r i s o n  of tir e present low strain m u t e  measure-

ments of bond strength plus static friction with existing t n -

mmxial - I mitmi on the same grout shows that the pm osent value of

2 .  / 10 6 dvnnes/cm 2 for the shear stress at the shaft is corn-

p a r m u b l e  to  t h e  v a l u e s  of 2 . 5  t o  6 . 7 ~ 10 ° d rnes/cm measured

in  the triaxial t e st s . * This comparison implies that tine

in te r f ace be tween tire grou t in t in e a n n u lu s  and the grout wh ich

m o v e s  w i t h  t h e  r o t a t i n g  s h a f t  u - l u p l i c a t e d  t i r e  bonu -I s t r e n g t h
and r o u g h n e s s  w h i c h  w o u l d  e x i s t  a l o n g  m m p l a n e  of s h e a r  f m m i l r ; c ~
in a homogeneous specimen of the grout. Consequently, we

Again the simear stress associated witin the bond strengtin plus
S t m u t ! C  friction should be equal to one-half the stress
difference in the trin ux i mi l tests .



c’\ ~~ec t  t h a t  o u r  o h s e r v a t  i ons  a b o u t  t h e  d u - ’ uraumi Ic sm ear friction

ar e - j u n u - l i c a t i v e  o f  time ’ nature- of p O s t failure- sli p along tinat

p l a m r e  o f  s m e a r  f ’a.i l u r e .  ~~i h n m u v u ’  a u - e n  u - m u t t  t h i s  d y n a m i c  u l u c a r
f r i c t i o n  i i  m t p p r u u x i u n m m u - t e l v  one- t h i r d  of tine bumu r d strength pl us

static shear friction ,

‘Fine beh avior observed in t i re s e- u- ’iscouiiett ’r teats

su~~ge at- m that t i e -  d e v i m m t o r i c  r e s p on ’~e o f  t h i s  g r o u t  can be
r - ’~- r e s e n t e d  inn t i n e ’ f o l l o w i n g  m a n i m e -r :

I Im u- - r u’ is first mu f n m  I l u - i r e  s u r f n u c e -

-- 
Ij 

- j  = -\ ( 22 
~~

- 2 -

nc i n e - r u -  is  t i m e d e v i a t o r i c  s t m ’ e-ss C o m u m p o n n e - n t , J~~’ is  tim e
s e ’ commd i n v n u r  i a n t  of t i r e  d e v j m m t o n i c  s t r e s s  t u -’n s o r  , n um n u-1 A i s
a function of the strain rate. Once t h e  m a t e r i a l  has  f a i l e d
t h e r e ’  is a reduced  fa i l u r e  s u r f a c e

L’t_ 1 )  
= 

~~ ~ 2 ’ = B a (4. 5)

w h e r e  B i s  a c o n s t a n t .  U s i n g  t h e  d a t a  f r o m  tim e v i s c o m e t e r
t e ’st~ we ’ c o n c l u d e  t h a t  f o r  s t r a i n  r a t e s  l es s  t h a n  ‘

~~ 10 sec ’~.

A = 2 7 .  10~ dyr n es/ cm 2

B = 9. 10~ d y n e s / c m 2

For h i ghe r strain rates A may he somewhat larger. F~owever
the reduced failure surface , characterized by B , appears
to he independent of strain rate.
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